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Abstract

Lophelia pertusa is a cosmopolitan cold-water coral, often found in aphotic waters
(>200m). Aggregations of L. pertusa (reefs) provide important habitat to many
invertebrate and fish species and act as biodiversity hotspots in the deep sea. The health
and diversity of these reefs is of vital importance to deep-sea ecosystems, and the
microbial consortia associated with L. pertusa form the most basic ecological level.
Deciphering the diversity and function of these microbes provides insight into the roles
they play in maintaining reef health. This dissertation takes microbiological techniques
that are used in shallow-water coral microbial research and applies them to L. pertusa. A
flaw in a primer set, which is commonly used in the molecular genetics method
Polymerase Chain Reaction (PCR) to obtain data on coral-associated microbes, is
discussed and an alternative approach is presented. In addition, two culture-based studies
are employed to catalogue diversity and explore functional differences in strains of both
bacteria and fungi. The cultured bacteria were tested for resistance against six antibiotics
that affect a variety of cellular targets to elucidate strain level differences. The first
cultured fungi ever described from L. pertusa were identified by molecular techniques
and assayed using Biolog plates to test their metabolic capabilities. Preliminary data
analysis on metagenomic libraries of the microbial-size fraction of L. pertusa is presented

vii

and discussed in the context of microbial diversity and function, bridging the gap
between culture-based work on function and culture-independent work on diversity.

viii

1. Introduction
1.1 Beginning of Modern Coral Microbiology
A new era of coral microbial ecology began in 2001 when Rohwer and colleagues
were the first to apply new culture-independent, DNA-based methods of assessing
bacterial diversity to corals (Rohwer et al., 2001). From there, the field has exploded, and
has the potential to keep expanding (e.g., Cooney et al., 2002; Rohwer et al., 2002; Casas
et al., 2004; Frias-Lopez et al., 2004; Bourne & Munn, 2005; Koren & Rosenberg, 2006).
Before culture-independent techniques were employed in coral microbiology,
culturing and microscopy were the only means to investigate the complex interactions
between corals and their associated microbiota (Ducklow & Mitchell, 1979; Paul et al.,
1986; Santavy, 1995; Ritchie & Smith, 1997; Kushmaro et al., 1998; Ritchie & Smith,
1998; Lee et al., 1999). There was great disparity between the number of bacteria
counted in coral tissue and mucus, and the numbers that could be cultured, a problem
recognized throughout the field of microbial ecology (Amann et al., 1995). While
culturing is vital for thorough investigation of microbial physiology and metabolism, it
can take careful work to develop the correct media on which to grow ecologically
important species (MacDonell & Hood, 1982). It is often the “weedy” bacteria that
flourish in laboratory cultures but play a small role in the environment (Field et al.,
2003).
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Culture-independent and molecular genetic methods for investigating coralassociated microbial communities revolutionized the field of coral microbiology.
Suddenly, a larger and more detailed picture of coral-associated microbes could be seen,
and the diversity of microbial life was astounding (Rohwer et al., 2001; Rohwer et al.,
2002). The majority of bacterial genetic phylotyping is performed using 16S PCR (e.g.,
Cooney et al., 2002; Blazejak et al., 2005; Bourne & Munn, 2005; Barneah et al., 2007).
Ribosomal DNA genes are highly conserved among bacteria (16S rDNA), archaea (16S
rDNA), and eukaryotes (18S rDNA), allowing design of PCR primers that attach
universally (Lane, 1991). However, there are regions of DNA with high base pair
mutation rates. These hyper-variable regions allow differentiation of organisms at the
kingdom, genera, or even species levels (Wilson et al., 1990), and primers can be
designed that target these regions to differentially amplify DNA of interest (Wilson et al.,
1990; Lane, 1991; Amann et al., 1995). After the ribosomal DNA (rDNA) has been
amplified, it can be compared using computer programs that determine the most likely
phylogenetic relationships of the organisms (Rohwer et al., 2002). rDNA sequences with
greater similarity to each other are likely more closely related than sequences with more
variation.
The phylogenetic trees built from sequence data are especially useful when
comparing many novel bacterial sequences. A singular 16S sequence contains very little
information for the scientist; it is the comparison and probable relationships of 16S
sequences that provide evolutionary, taxonomic and phylogenetic information. If a novel
16S sequence is found that falls in the same branch on a phylogenetic tree as 16S
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sequences from other, well-characterized bacteria, researchers can make hypotheses
about the function of the bacterium (Rohwer et al., 2002).
While culture-independent methods provide an immensely helpful toolkit for
studying coral microbiology, there are significant limitations and problems. First, basing
diversity estimates solely on rDNA may result in dramatic underestimates. It has been
established that organisms with 99% similar 16S rDNA may differ significantly when the
rest of the genome is compared (Devulder et al., 2005). Phylogenetic trees based on the
combined evolutionary relationships of several important core genes can give a more
complete view of diversity (Devulder et al., 2005; Thompson et al., 2005; Gazis et al.,
2011).
A second limitation is PCR bias. The primers selected for PCR are based on the
goal of the study. Bacteria-specific primers are meant to widely target and selectively
amplify only bacterial DNA. However, studies of primer specificity show not only bias in
attachment to DNA (and therefore bias in amplification) (Sipos et al., 2007), but also
promiscuous attachment to non-target DNA such as eukaryotic DNA (Lopez et al., 2003;
Galkiewicz & Kellogg, 2008). Unless these problems have been specifically addressed by
thorough testing in the conditions under which the experiment is run, the data resulting
from PCR can only be used qualitatively.
Finally, many PCR primers were designed at a time when genetic databases
contained only fractions of the information they now include (Ben-Dov et al., 2006).
Primers that were thought to be “universal” or even “bacterial-specific” may be missing
large genetic groups that are so novel they don’t contain those specific DNA sequences
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(Thomas et al., 2011). Scientists are only finding what they’re looking for in the
environment.
With newer technology and rapidly decreasing costs, many researchers are
turning to metagenomics as a way to get around problems with PCR. Metagenomics is a
method whereby all of the DNA from a community is extracted and sequenced. The
extractions can be tailored to cell sizes, allowing researchers to concentrate cells less than
8 !m (bacteria, archaea, microeukaryotes, viruses), or smaller (0.2 !m, viral particles
only) (Vega Thurber et al., 2009). While there is often a DNA amplification step in
metagenome extractions, the enzymes used don’t require primers with the intention that
random amplification of DNA in the sample will result in a representative final product
(Kumar et al., 2007). The amplified DNA is sequenced using next-generation technology
(i.e., high-throughput methods such as 454 pyrosequencing), and the resulting amplicons
that contain DNA segments that overlap can be reassembled into contiguous DNA
sequences (contigs) for bioinformatics analysis (Shendure & Ji, 2008). One of many
benefits to this method is the chance to investigate the functional potential of the genes
found in the metagenome, allowing researchers to determine both phylogenetic
relationships and functional roles within microbial communities.
Because of the limitations of both culture-based and culture-independent methods,
use of only one or the other would be foolish and limiting. The combination of both can
provide a wealth of information about the systems being investigated.
1.2 Shallow-Water Coral Microbiology
The majority of coral microbiology studies have been performed on shallowwater corals (e.g. Apprill et al., 2009; Vega Thurber et al., 2009; Sunagawa et al., 2010;
4

Littman et al., 2011). Many tropical economies depend heavily on the tourism and
fisheries that are based on these reefs (Moberg & Folke, 1999; White et al., 2000), and
large-scale impacts of coral disease and human influence on shallow-water reefs were
visually obvious (Rosenberg et al., 2007). In order to determine the cause of widespread
coral diseases, baselines of microbial diversity associated with corals needed to be
established.
From the beginning of coral microbiology, the primary question has been whether
the microbial assemblage associated with corals is specific or just a result of random
bacterial colonization (Ritchie & Smith, 1997; Rohwer et al., 2001). It is tantalizing to
think of each coral species as a uniquely evolved microcosm, harboring microbial species
that are perfectly suited for symbiosis. There is definite evidence that coral speciesspecific symbioses occur, both with zooxanthellae and bacteria (Ritchie & Smith, 1997;
Rohwer et al., 2001; Frias-Lopez et al., 2002; Rohwer et al., 2002; Goulet, 2006).
The relationship between coral and algae has been studied for many years
(Knowlton & Rohwer, 2003 and references therein), beginning with their description as
“yellow cells” in Karl Brandt’s treatise (1883). The dinoflagellate symbionts
(zooxanthellate) were first classified as a single species, Symbiodinium microadriaticum,
a universal symbiont of corals, clams and other invertebrates (Taylor, 1974). However,
morphological differences and DNA amplification showed that zooxanthellae from
different hosts were distinct species or clades (Rowan & Powers, 1991). These findings
also showed that closely related coral species might host very dissimilar Symbiodinium
species (Rowan & Powers, 1991). Further work with microsatellite markers (areas of
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hypervariability in the genome) showed the diversity of zooxanthellae on an even more
detailed level (Magalon et al., 2004).
The incredible variety of Symbiodinium species pales in comparison to the
diversity of bacteria associated with coral. A meta-study found that only 23% of corals
worldwide host more than one clade of zooxanthellae (Goulet, 2006), while bacterial
associations could number into the thousands per coral (Rohwer et al., 2002). This
amazing diversity can be overwhelming at times; studying the symbiotic relationship
between coral and zooxanthellae is intricate by itself. Adding hundreds or thousands of
potential bacterial symbionts to the mix makes the task of deciphering the symbiotic
relationships even more formidable.
Experiments have been conducted on coral diseases in order to isolate causative
agents that trigger virulent infections (Ritchie & Smith, 1998; Cooney et al., 2002; Pantos
et al., 2003; Frias-Lopez et al., 2004; Sutherland et al., 2004; Barneah et al., 2007;
Efrony et al., 2007; Voss et al., 2007). There are currently 18 described coral diseases
(Sutherland et al., 2004), and the causative pathogens have been confirmed through
Koch’s Postulate for five (White Plague Type II, White Pox, Aspergillosis, Vibrio shiloiinduced bleaching, and Vibrio coralliilyticus-induced bleaching and disease; Table 1.1)
(Kushmaro et al., 1996; Smith et al., 1996; Kushmaro et al., 1997; Geiser et al., 1998;
Kushmaro et al., 1998; Richardson et al., 1998a; Richardson et al., 1998b; Rosenberg et
al., 1998; Kushmaro et al., 2001; Ben-Haim & Rosenberg, 2002; Patterson et al., 2002;
Ben-Haim et al., 2003; Denner et al., 2003). Due to the inflexibility of Koch’s Postulates
with regards to multiple microbes forming a consortium to cause one disease, the
presumptive pathogens of black band disease cannot be confirmed. However, the
6

inability to fulfill Koch’s Postulates doesn’t eliminate the possibility that the suspected
pathogens cause the disease (Sutherland et al., 2004).
Table 1.1 List of coral diseases, common abbreviations, year first described, and
causative agent, confirmed through Koch’s Postulates
Disease name
Skeletal anomalies

Abbreviation Year
SKA
1965

Black Band
White Plague Type I
Shut-down reaction
White Band Type I
Aspergillosis

BBD
WPL I
SDR
WBD I
ASP

1973
1977
1977
1982
1996

White Pox
Vibrio shiloi-induced
bleaching
Yellow Blotch/Band

WPD

1996

VSB
YBL

1996
1997

Causative Agent
Bacterial
consortium*

Aspergillus sydowii
Serratia
marcescens
V. shiloi
Aurantimonas
coralicida

White Plague Type II
WPD II
1998
White Band Type II
WBD II
1998
Yellow Band
YBD
1998
Dark Spots
DSD
1998
Skeleton eroding band
SEB
2000
Fungal-protozoan
Syndrome
FPS
2000
White Plague Type III
WPD III
2001
Pink-line Syndrome
PLS
2001
Vibrio coralliilyticusinduced bleaching and
disease
VCB
2002
V. coralliilyticus
*Koch’s Postulates do not allow for a consortium of bacteria to cause a disease, but it is
commonly agreed upon that Black Band Disease is caused by a group of bacteria.
The future of coral microbiology depends on the further identification and
characterization of the microbiota associated with corals, determining their functional
roles in the holobiont, and investigating their interactions with the host and
zooxanthellae. The extension of coral microbiology studies into deep-water reefs is a
logical next step.
7

1.3 Deep-Sea and Cold-Water Corals
While the majority of coral-microbial interaction studies have focused on
shallow-water corals, the importance and abundance of deep-sea corals must not be
overlooked. Deep-sea corals are typically classified as those living in ocean waters
ranging from 50 m to more than 3,000 m deep (Lumsden et al., 2007). More than 66% of
coral species worldwide are found in waters deeper than 50 m (Cairns, 2007). While
shallow-water tropical reefs are often held up as examples of high coral diversity in the
oceans, deep-water corals vastly outnumber them. Linnaeus described deep-sea corals in
1758, but the population sizes and distributions are still relatively unknown (Rogers,
1999; Lumsden et al., 2007). The deep-water reefs discovered thus far mirror the
impressive levels of biodiversity commonly associated with tropical euphotic reefs
(Rogers, 1999). Because of the relative inaccessibility of deep-water reefs, research into
their biological importance lags behind that of shallow-water reefs (Lumsden et al.,
2007). In the more than 130 years since the H.M.S. Challenger expedition collected
samples of deep-sea fauna from depths of 5,500 m, progress in investigating deep benthic
ecosystems has been scattered and slow (Rogers, 1999).
While corals found below 50 m water depth are considered “deep” species, there
is an important distinction to make between mesophotic reefs, or those dominated by
low-light regimes ranging from 50-200 m water depth, and true deep-water aphotic reefs,
often found below 200 m (Lesser et al., 2009). Mesophotic reefs include zooxanthellate
corals with platy morphologies that maximize exposure to down-welling light; these
corals contain algal symbionts specially adapted to low-light conditions (Lesser et al.,
2009; Olson & Kellogg, 2010).
8

Deep-water reefs are dominated by azooxanthellate corals that depend solely on
capture- or suspension-feeding for nutrients. While these corals may live within the
euphotic zone (e.g., Lophelia pertusa has been found as shallow as 39 m in Norwegian
fjords; Freiwald et al., 2004), they are capable of forming large reefs in aphotic deep
waters. Hydrographic conditions (i.e., temperature, salinity, nutrients), not depth, are the
determining factors in limiting growth of cold-water-adapted azooxanthellate corals
(Freiwald et al., 2004), though these conditions are usually found in conjunction with
deep waters. It is the ecology and species composition of reefs between 50-200 m water
depth that determines whether they should be classified as mesophotic or deep reefs.
Like shallow-water corals, deep-water corals can be divided between hermatypic
(reef-building) and ahermatypic (non-reef-building) corals (Lumsden et al., 2007). The
major hermatypic corals are Lophelia pertusa (Linnaeus 1758), Solenosmilia variabilis
(Duncan 1873), Enallopsammia profunda (Pourtales, 1867), Enallopsammia rostrata
(Pourtales, 1878), Madrepora carolina (Pourtales 1871), Oculina varicosa (Lesueur,
1821), and Madracis myriaster (Milne-Edwards and Haime, 1849) (Lumsden et al.,
2007).
The importance and value of shallow-water reefs are well-known: they are centers
of biodiversity (Renema et al., 2008), nurseries for juvenile fish and invertebrates
important in multiple fisheries (Newton et al., 2007), potential sources for natural
products and pharmaceuticals (Fortman & Sherman, 2005), and tourist attractions
(Hawkins & Roberts, 1994). But shallow-water reefs don’t have a monopoly on these
ecological roles. Deep-water reefs are known centers of biodiversity; Reed (2002) found
more than 300 species of invertebrates associated with O. varicosa in the Oculina Banks,
9

a large reef off of southeast Florida, and more than 1,300 species of invertebrates have
been cataloged from Lophelia reefs in the Atlantic (Roberts et al., 2006; Cordes et al.,
2008). They are also breeding grounds and nurseries for economically important fisheries
(Reed, 2002; Lumsden et al., 2007), possibly due to the complex three-dimensional
structure and relief the reefs provide. And there is much interest in exploring these
previously unreachable ecosystems for natural products and pharmaceuticals (Synnes,
2007).
Because the importance of deep-sea reefs is just emerging, conservation lags far
behind (Freiwald et al., 2004; Lumsden et al., 2007). There are many threats to these vital
ecosystems, lending a sense of urgency to their study and care (Roberts & Hirshfield,
2004).
1.3.1 Distribution of Deep-Water Reefs
The true range of deep-water reefs has yet to be established due to the difficulty
and expense associated with accessing and sampling benthic communities (Bryan &
Metaxas, 2006). Additionally, varying levels of research activity in different areas of the
world present a biased picture of global distribution (Figure 1.1). Currently, 41 countries
have been found to harbor cold-water coral reefs in their territorial waters, with the
largest structures found in Norway (Freiwald et al., 2004). However, environmental
parameters often associated with known cold-water reefs can be used to infer probable
areas of reef formation around the world.
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Figure 1.1. Distribution of observed cold-water coral reefs. The density of reefs in the
North Atlantic probably reflects the numerous deep-water explorations for drilling and
research. Pink dots represent L. pertusa reefs, purple are Madrepora oculata, and blue are
Solenosmilia variabilis. From A. Freiwald (2004), compiled therein from various sources.
Modern deep-water coral species require hard substrate for attachment, limiting
settlement on the majority of the deep sea floor (Freiwald, 2002). Another key
geographical requirement is an area of consistent or episodic strong currents, often
associated with topographic features promoting particle flux (Freiwald, 2002; Bryan &
Metaxas, 2006). Because azooxanthellate corals depend on capture- or suspensionfeeding for metabolic requirements, benthic habitats associated with benthic-pelagic
coupling are necessary to support the nutritional needs for large-scale coral growth
(Freiwald et al., 2004). Additional physical requirements for deep-water reefs are found
in Table 1.2, summarized from Friewald et al. 2002.
Table 1.2. Physical requirements for deep-sea reef formation.
Physical Parameter Range
Temperature range 4-13 °C
Salinity range
32-38.8 ppt
Depth range
39- 1000+ m
11

Perhaps the most important factor governing cold-water reef formation and
distribution is the depth of the aragonite saturation horizon (ASH). Beneath the ASH,
formation and maintenance of aragonite skeletons requires significant amounts of energy,
with energetics favoring dissolution (Kleypas et al., 2006). The geographical range of
known deep-water coral reefs tightly correlates with areas of extremely deep ASH
(Roberts et al., 2006). In the north Atlantic, the ASH is more than 2000 m deep and large
reefs are abundant. In the north Pacific, where the ASH ranges from 50-600 m
scleractinian corals are absent; the region is dominated not by large reefs, but instead by
soft corals (Guinotte et al., 2006). Combining these environmental and physical
requirements for deep-water reef formation with data from different ocean locations
improves the chances of finding new reef formations.
1.3.2 Nutritional Sources and Benthic-Pelagic Coupling
Unlike the majority of shallow-water corals, deep-sea corals are azooxanthellate
and therefore considered non-symbiotic (Freiwald et al., 2004). The associated
microbiota are not considered part of the symbiosis, although their role in metabolic
cycling is unknown. Previous hypotheses about the base of the food web supporting coldwater reefs pointed to hydrocarbon seeps on the seafloor (Roberts et al., 2006). Hovland
and Risk (2003) proposed the hydraulic theory of cold-water coral reef development
based on the idea that archaea and methanotrophic bacteria associated with hydrocarbon
seep sites acted as primary producers, providing fixed carbon for secondary trophic levels
and driving reef productivity. Later studies looking at isotopic ratios in coral skeletons
show there is no support for trophic levels based on bacteria metabolizing hydrocarbon
seeps (Duineveld et al., 2004). However, Becker and colleagues propose that Lophelia
12

reefs may develop on authigenic carbonates formed by microbial activity on hydrocarbon
seeps (Becker et al., 2009). The corals aren’t trophically linked with hydrocarbons, but
use the hard substrate formed by antecedent microbial activity.
While trophic levels of deep-water reefs were found to be independent of
hydrocarbon seeps, they appear to be closely linked to primary productivity in surface
waters. Benthic-pelagic coupling refers to the link between productivity on the surface
and sustenance of complex reef habitats in the deep sea (Danovaro et al., 2001). Various
physical oceanographic processes, such as internal waves, boundary currents, barocline
tides and eddies lead to the transfer of phytoplankton-rich surface waters to the deep-sea
floor (Freiwald, 2002). Duineveld and colleagues hypothesized, based on isotope ratios,
that Lophelia pertusa corals on Galicia Bank (NW Spain) are feeding on a combination
of phytodetritus transported down from the euphotic zone and zooplankton that feed on
that detritus (Duineveld et al., 2004). Other researchers have reported direct observations
of L. pertusa feeding on zooplankton (Freiwald, 2002).
1.3.3 Threats to Deep-Water Reefs
Although the true range and biodiversity of deep-water reefs is unknown, their
global distribution proves them to be an important natural habitat (Roberts et al., 2006).
After years of regarding the ocean as an infinite dumping ground, humans are finally
beginning to realize the impact they have on the largest habitat in the world (Freiwald et
al., 2004). The list of dangers threatening deep-sea reefs is extensive: trawling and
fisheries damage (Hall-Spencer et al., 2002; Davies et al., 2007), hydrocarbon drilling
(Davies et al., 2007; Lumsden et al., 2007), seabed mining (Lumsden et al., 2007), ocean
acidification due to increased atmospheric CO2 (Freiwald et al., 2004; Roberts et al.,
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2006; Davies et al., 2007; Turley et al., 2007), and disruption of benthic-pelagic coupling
by changes in surface ocean productivity (Duineveld et al., 2004; Kiriakoulakis et al.,
2004).
The very existence of deep-water reefs depends on the depth of the aragonite
saturation horizon (ASH) (Davies et al., 2007). Below this depth, bioenergetics favor
dissolution of the coral skeleton. With the introduction of massive amounts of
anthropogenic carbon dioxide into the atmosphere, the role of the ocean as a massive CO2
sink became apparent (Turley et al., 2007). Of the total amount of anthropogenic carbon
released into the atmosphere, 30% has subsequently been taken up by the oceans
(Guinotte et al., 2006). The ocean will continue absorbing CO2 until it has reached
equilibrium with the atmosphere. The buffering capacity of ocean water depends on the
chemical reaction:
CO2 + H2O ! HCO3- + H+ ! CO32- + 2H+
Increasing amounts of atmospheric CO2 push the reaction to the right, leading to more
acidic ocean waters; ocean pH has dropped by 0.1 units since pre-industrial times and is
projected to fall another 0.3-0.4 units by 2100 using the IPCC IS92a scenarios (Davies et
al., 2007; Turley et al., 2007). The ASH denotes depth at which the ocean becomes
undersaturated with aragonite. As CO2 levels rise, the ASH shoals, limiting the
distribution of deep-water scleractinian corals (Lumsden et al., 2007). Waters
supersaturated with respect to aragonite have values of " > 1. The mean omega value for
deep-water reef locations in pre-industrial times is estimated at 1.98 (Guinotte et al.,
2006). By 2099, according to IPCC predictions, only 30% of those reef locations will
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remain in supersaturated waters, and the mean omega value for all coral locations will be
0.99 (Guinotte et al., 2006).
The difficulty in maintaining in situ growth experiments for deep-sea corals
means that there is limited direct data of the rate of calcification and effects of other
variables on deep-sea reef development. While several papers discuss the projected
effects of increasing ocean acidification on L. pertusa (Guinotte et al., 2006; Davies et
al., 2007; Lumsden et al., 2007; Turley et al., 2007), there is only one example of a direct
test of lowered pH on L. pertusa calcification rates (Maier et al., 2009). Maier et al.
(2009) measured rates of calcification on box core-collected samples of L. pertusa,
finding that under normal ocean conditions the most distal coral polyps (youngest in age)
had the highest rate of calcification compared to the polyps more proximal to the colony
center. When pH was lowered by 0.15 and 0.3 units, corresponding to a drop in the
aragonite saturation state ("a) to 1.4 and 1.0 respectively, the rate of calcification
dropped 29% and 55%. Noteworthy is that there was still active calcification occurring at
"a < 1, the level at which shallow-water coral communities show no net calcification
(Gattuso et al., 1998); Maier and colleagues speculate that L. pertusa has adapted to low
"a environments (Maier et al., 2009). However, a decrease of 50% in the calcification
rate at lower pH and "a levels is alarming. It is unknown how quickly colonies must grow
to keep from being buried under the rubble and sediment that comprise deep-sea reefs.
Bates et al. (2002) have found evidence that the rate of CO2 increase in deep
waters is double that of shallow water, indicating that deep-sea corals may be more
heavily affected by ocean acidification than previously thought. The effects of increased
pCO2 on different marine calcifiers are varied and sometimes contradictory in laboratory
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experiments, but any significant change in ocean chemistry has the potential to
reorganize multiple food webs and biogeochemical cycles (Fabry, 2008).
1.4 Deep-Sea and Cold-Water Coral Microbiology
Deep-sea and cold-water are often used interchangeably when referring to L.
pertusa and other non-tropical corals. Because the constraining factors on reef formation
and coral growth are hydrographic, usually water temperature and flow, it is possible for
them to grow in shallow waters (>50 m) in certain areas. Therefore the correct
terminology is that these are cold-water corals. However, the L. pertusa reefs in the Gulf
of Mexico and western Atlantic Ocean are found below 200 m, and thus it is correct to
refer to them as deep-sea corals and reefs. Both descriptors are used throughout this
document.
The study of deep-water or cold-water coral microbiology is in its infancy. While
deep-sea corals have been known for hundreds of years, the only method of sampling
available was dredging, which brings up a mangled mess (Mortensen et al., 2000; Fossa
et al., 2005). In order to study the microbiology of corals, a more precise and refined
method of sampling was needed, with individual coral samples separated and isolated so
their microbiota wouldn’t cross-contaminate. The introduction of Remotely Operated
Vehicles (ROVs) and manned submersibles with robotic arms for delicate sampling
allowed confidence that the samples wouldn’t be contaminated (Fossa et al., 2005).
Kellogg has even designed an apparatus that could be attached to ROVs, which would
not only isolate individual coral samples but also preserve them at depth, controlling for
any contamination or change to the coral holobiont as it was brought up through the
water column (Kellogg et al., 2009).
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This list of published studies on deep-water or cold-water coral microbiology is
short but growing. Some focus on true deep-water coral systems below 100 m (Penn et
al., 2006; Yakimov et al., 2006; Hansson et al., 2009; Kellogg et al., 2009; Schöttner et
al., 2009; Galkiewicz et al., 2011; Gray et al., 2011), while others focus on cold-water
corals in shallower depths (Brück et al., 2007; Hall-Spencer et al., 2007; Neulinger et al.,
2008; Neulinger et al., 2009).
A growing consensus among coral microbiology studies is that the majority of
bacteria associated with individual species of coral are not specific only to that species.
While there are examples of coral species-specific bacteria (e.g., the
Alphaproteobacterium PA1 associated with Porites astreoides; Rohwer et al., 2002), it
appears instead as if there are general groups of bacteria that are more likely to be found
associated with coral, which may be termed “coral-specific groups” (Neulinger et al.,
2008; Kellogg et al., 2009). While many of these coral-specific bacteria have only been
identified by 16S rRNA gene comparison in GenBank, and thus cannot be truly identified
down to genus and species, they group together such that BLAST hits from one sequence
are most closely related to other coral-associated bacteria (see Kellogg et al., 2009 for
examples). Cultured representatives of coral bacteria are also closely related to other
coral-associated bacteria; for example Photobacterium spp. have been cultured from the
tropical coral Acropora palmata (Ritchie, 2006) and the cold-water coral Lophelia
pertusa (Galkiewicz et al., 2011).
While a baseline of the identity of microbes associated with healthy corals is still
not firmly established, enough data has been published that suggests the next step is to
determine the functional roles of these microbes. The impetus for many coral
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microbiology studies was often to discover the etiological agent(s) of diseases that were
decimating reefs. With the realization that a consortium of microbes can cause one
disease (e.g., black band disease Cooney et al., 2002; Voss et al., 2007), multiple
infective agents can create the same symptoms on the coral (e.g., white syndromes in
Acroporids; Ainsworth et al., 2007), and previously non-detrimental bacteria can
exacerbate disease symptoms with changing abiotic factors (Kline et al., 2006), the focus
on coral health has become more of an ecological and environmental race to maintain or
regain reef-wide conditions that support healthy corals. With coral health changing hands
from microbiologists to ecologists, microbiology has focused on deciphering the complex
interactions among microbial members associated with corals.
1.5 Overview of Dissertation
The work presented in this dissertation is composed of three chapters that have
been published in, or have been submitted to academic journals. Each chapter is meant to
stand alone as a full research project, with relevant figures and tables therein. References
are compiled at the end of each chapter. A fifth chapter reviews the work completed,
comments on additional work in progress, and points towards future research directions.
•

Chapter 2 details an important discovery about the specificity of universal
bacterial 16S rRNA gene primers that were previously thought to be domainspecific, with implications for coral microbiology. This work has been published
in Applied and Environmental Microbiology (Galkiewicz & Kellogg, 2008)

•

Chapter 3 examines the diversity and physiological properties of bacteria cultured
from the coral L. pertusa, finding that these cultured bacteria represent only a
fraction of the diversity found using culture-independent methods. However,
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physiological differences between isolates illustrate that phylogenetic trees that
focus only on 16S rRNA genes underestimate potential functional diversity. This
work has been published in FEMS Microbiology Ecology (Galkiewicz et al.,
2011)
•

Chapter 4 discusses the diversity and metabolic capabilities of the first fungal
species to be cultured from L. pertusa, hypothesizing about the role they may play
in association with the coral, based on the carbon sources they break down. This
study has been submitted to Microbial Ecology.

•

Chapter 5 presents a summary of the main body of work completed thus far and
details additional work on the metagenome of L. pertusa. Future research
directions are laid out and discussed.
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2. Cross-Kingdom Amplification Using Bacterial-Specific Primers: Complications
for Coral Microbial Ecology

Note to Reader
This chapter has been published in full (Galkiewicz & Kellogg, 2008), and is
included with the permission of the publisher.

2.1 Abstract
PCR amplification of pure bacterial DNA is vital to the study of bacterial
interactions with corals. Commonly used bacterial-specific primers 8F and 27F paired
with universal primer 1492R amplify both eukaryotic and prokaryotic rDNA. An
alternative primer set, 63F/1542R, is suggested to resolve this problem.
2.2 Introduction
Coral microbial ecology focuses on the interactions between the coral animal and
its associated microbial communities, including algae (Rowan, 1998), bacteria (Rohwer
et al., 2001), fungi (Bentis et al., 2000) and archaea (Kellogg, 2004; Wegley et al., 2004).
The functions of the different microbial groups within the coral-associated community
are still relatively uncharacterized, although a probiotic role has been hypothesized
(Reshef et al., 2006). Identification of bacteria associated with different corals has been
accomplished by both culture-based and culture-independent methods (Ritchie & Smith,
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1997; Rohwer et al., 2001; Rohwer et al., 2002; Bourne & Munn, 2005; Klaus et al.,
2005; Lampert et al., 2006; Ritchie, 2006). However, because of limitations of
cultivation, culture-independent methods are more widely used to catalog microbial
diversity (Rohwer et al., 2001; Cooney et al., 2002; Rohwer et al., 2002; Bourne &
Munn, 2005). Since the bacteria are not isolated, identification depends on genetic
comparisons. The most commonly used DNA sequence for bacterial phylogenetics is the
highly conserved 16S ribosomal DNA sequence, and primers have been designed to
selectively amplify bacterial 16S rDNAs (Weisburg, 1991; Amann et al., 1995).
Differential amplification of mixed samples has been noted, indicating that special care
must be used when interpreting these data for quantitative applications (Farris & Olson,
2007; Sipos et al., 2007).
In this paper, we describe the amplification of coral 18S rDNA using primer sets
that had previously been described as bacterial specific. Cross-kingdom amplification is
not unknown in primer sets that are targeted toward bacteria (Huws et al., 2007) but has
not been previously reported in the commonly used sets 8F/1492R and 27F/1492R
(Rohwer et al., 2001; Rohwer et al., 2002; Baker et al., 2003; Casas et al., 2004; Bourne
& Munn, 2005). In fact, 8F has been repeatedly reported as bacterial specific (Amann et
al., 1995; Reysenbach & Pace, 1995; Brunk & Avaniss-Aghajani, 1996; Huws et al.,
2007), and 27F is a single base-pair modification of 8F (Table 2.1).
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Table 2.1. Primers investigated in this study.
*Reverse complement, found on positive strand.
Primer abbreviations: F, forward; R, reverse. Primers shown in 5’-3’ orientation unless
noted otherwise. Degeneracies: M = A/C
Tm = 64.9 ºC + 41 ºC x (#G + #C – 16.4)/N, where N is the length of the primer.
Primer

Sequence

8F

5’-AGAGTTTGATCCTGGCTCAG

27F
63F

5’-AGAGTTTGATCMTGGCTCAG
5’-CAGGCCTAACACATGCAAGTC

Tm
(ºC)
52
50-52
54

1492R 5’-GGTTACCTTGTTACGACTT
3’-AAGTCGTAACAAGGTAACC*

47

1542R 5’-AAGGAGGTGATCCAGCCGCA
3'-TGCGGCTGGATCACCTCCTT*

56

Source

Target

(Edwards et
al., 1989)
(Lane, 1991)
(Marchesi et
al., 1998)
(Stackebrandt
& Liesack,
1993)
(Pantos et al.,
2003)

Bacteria
Bacteria
Bacteria
Universal
Universal

2.3 Sample Collection, DNA Extraction and Amplification
Branches of the Pacific scleractinian coral Pocillopora damicornis (Linnaeus,
1758) were collected in two locations in American Samoa and one location in the
Northwestern Hawaiian Islands, two samples per site for a total of six samples, and
preserved in a DMSO/EDTA/salt buffer. DNA was extracted using a MoBio Powersoil™
DNA Isolation kit (Rohwer et al., 2001; Rohwer et al., 2002).
Primer sets 8F/1492R and 27F/1492R were used in separate reactions to amplify
extracted rDNA (Table 2.1). PCR was performed on a GeneAmp PCR System 9600
(Applied Biosystems) using 12.5!l Amplitaq Gold (Applied Biosystems), 1 !l each of 10
pmol concentration forward and reverse primer, 9.5 !l sterile DI water, 1 !l DNA
template for a total volume of 25 !l. The temperature cycling program used was modified
slightly from Bourne & Munn (2005) by adding an initial hot start: 1 cycle at 95ºC for 15
min, 30 cycles at 95ºC for 1 min, 54ºC for 1 min, 72ºC for 2 min, and final extension at
72ºC for 10 min.
30

DNA extractions from the six coral samples were separately amplified and
cloned, creating six clone libraries. Because sequencing of the first clone library revealed
coral amplification, none of the other five were sequenced. DNA amplified from the coral
samples was purified using the QIAquick PCR Purification (Qiagen, Valencia, CA) kit
and cloned using the Qiagen PCR Cloning Plus kit, following the manufacturer’s
protocols. The rDNA was amplified from the clones using M13/pUC forward and reverse
primers, and PCR products were visualized through electrophoresis on a 1% agarose gel
with ethidium bromide added directly to the gel with a final concentration of 10-7 g/ml.
Clones with correctly sized vectors (ca. 1.5 kbp) were sequenced uni-directionally using
the forward primer by Northwoods DNA Inc. (Solway, MN). Sequence files were quality
scored and edited using PHRED (Ewing et al., 1998a; Ewing & Green, 1998b) and
Greengenes (DeSantis et al., 2006) and compared to the GenBank nucleotide database
using Basic Local Alignment Search Tool (BLAST; Altschul et al., 1990).
2.4 Cross-Kingdom Amplification
DNA from 101 cones amplified by the putative ‘bacterial-specific’ primer sets
were sequenced and 100 were most similar to cnidarian 18S rDNA, not bacterial 16S
rDNA. The most similar sequence for 100 clones (e value of 0, 97% similarity, % Query
Identity ranging from 95-100%) was an 18S rDNA gene of Javania insignis (Duncan
1876; GenBank accession # AJ133555) (Won et al., 2001), an Indo-Pacific stony coral,
and the top five matches of all 100 clones were scleractinian corals (Table 2.2). No match
to P. damicornis was found because the full 18S rDNA gene has not yet been archived in
GenBank. The one sequence not matched with coral rDNA was most closely related to
Symbiodinium sp. rDNA from P. damicornis tissue (GenBank accession # AY051091).
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The consensus sequence from the 100 coral DNA clones and the Symbiodinium sequence
were submitted to GenBank, Accession number EU921668 and EU921669.
Table 2.2. The top five BLAST matches for 100 sequenced clones show the similarity to
scleractinian coral rDNA. The distribution of the corals as well as comparison of their
sequences shows that erroneous 8F/1492R primer attachment is not limited by the
biogeography of corals.
Name

Phylogeny

Javania
insignis
Phyllangia
mouchezii
Tubastraea
coccinea
Fungia
scutaria
Madracis
mirabilis

Scleractinian
coral
Scleractinian
coral
Scleractinian
coral
Scleractinian
coral
Scleractinian
coral

GenBank
Accession
AJ133555

E value
0.0

%
Distribution
similarity
97%
Indo-Pacific

AF052887

0.0

97%

East Atlantic

AJ133556

0.0

97%

Cosmopolitan

AF052884

0.0

96%

Indo-Pacific

AY950684

0.0

96%

Caribbean

Upon closer inspection of the J. insignis 18S rDNA gene, areas of sequence
homology with the bacterial primers 8F and 27F (12 of 20 primer bp matched) and
1492R (17 of 19 primer bp matched) were found (Figure 2.1). The sequences aligned on
the 3’ end of both 8F and 27F, which would lead to amplification. The primer
combinations resulted in a coral amplicon approximately 1.5 kbp long (Figure 2.2, lane
4), the same length expected for the bacterial amplicon. Because of the similarity in
amplicon sizes (roughly 200 bp difference), it would be difficult to separate the coral and
bacterial DNA by gel extraction.
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ig. 1). The sequences aligned on the 3! ends of both 8F and
F, which would lead to amplification. The primer combinaons resulted in a coral amplicon that was approximately 1.5

reactions described above. The use of Bacteria-specifi
63F (23) and universal primer 1542R (24) had severa
tages. The sequence homology between the primers a

FIG. 1. Partial 18S rRNA gene sequence of the scleractinian coral Javania insignis. Primer sequences are highlighted in gray, while th
mologous with coral sequences
are Scleractinian
underlined. coral Javania insignis partial 18S rDNA gene. Primer sequences
Figure 2.1.

are highlighted in gray, with sections homologous with coral sequences underlined.
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Figure 2.2. Lanes 1, 2, and 3 were amplified using 63F/1542R. Lane 1 is the negative
control, lane 2 is the positive control containing only bacterial DNA, and lane 3 is the
coral tissue sample. Two bands can be seen in lane 3: the bacterial band at 1.5 kbp and
the coral band at 0.6 kbp. These bands are distinctly separated, allowing for the isolation
of bacterial DNA. Lanes 4, 5, and 6 were amplified using 8F/1492R. Lane 4 is amplified
coral tissue, indistinguishable from the positive control in lane 5. Lane 6 is the negative
control. The samples were run on a 1% agarose gel for 1.5 h, with lambda ladders. The
gel image has been reversed (i.e., converted to a photo negative) to more clearly show the
faint band in lane 3.
2.5 Alternate Primer Set Suggestion
To circumvent this problem, alternate primer sets were investigated, using the
same PCR conditions and sequencing reactions stated above. The use of bacterial-specific
63F (Marchesi et al., 1998) and universal 1542R (Pantos et al., 2003) had several
advantages. The sequence homology between the primers and coral DNA was low, with
only 7 of 21 bp matching in 63F and 7 of 20 in 1542R (Figure 2.1). With such low
binding strength, limited coral amplification was expected. In addition, any coral 18S
rDNA that was amplified would result in an amplicon length of 0.6 kbp, whereas
bacterial 16S rDNA would have an amplicon length of 1.5 kbp. Test results indicated that
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during PCR coral rDNA was amplified, appearing as a distinct band on the gel (Figure
2.2, lane 3). This clear separation between coral and bacterial DNA allowed isolation of
the bacterial rDNA for further analysis. The bacterial DNA sequences obtained using
63F/1542R have been archived in GenBank, Accession numbers FJ015063 to FJ015091,
and GenBank matches are summarized for the 251 clones from three samples in Table
2.3.
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Table 2.3. A summary of the top GenBank matches from clone libraries constructed
using 63F/1542R. Tut3 clones are from bacterial communities extracted from P.
damicornis collected in Tutuila, American Samoa; NWH3 collected in the Northwest
Hawaiian Islands; Ofu2 collected in Ofu, American Samoa.
Library

Tut3

NWH3

Ofu2

GenBank Match
Uncultured sponge symbiont JAWS10
16S RNA
Uncultured bacterium 16S RNA, clone
TK03
Uncultured delta proteobacterium clone
A115-17 16S RNA
Uncultured Bacteroidetes bacterium
clone PI_RT22 16S RNA
Uncultured bacterium clone Kazan-1B46/BC19-1B-46 16S RNA
Uncultured bacterium clone Urania-1B26 16S RNA
PDA-OTU2
PDA-OTU3
Uncultured Chromatiales bacterium
clone SIMO-2136 16S RNA
Uncultured bacterium clone Cc007 16S
RNA
Uncultured bacterium clone CC17 16S
RNA
Uncultured alpha proteobacterium clone
LC1-25 16S RNA
Uncultured bacterium clone
HF500_A5_P1 16S RNA
Bacterium S1cc1 16S RNA
Uncultured alpha proteobacterium clone
3B02-43 16S RNA
Uncultured alpha proteobacterium clone
T32_142 16S RNA
Uncultured gamma proteobacterium
clone MSB-5C2 16S
Rhodobacter sp. DQ12-45T 16S RNA

Accession #

# of Clones

AF434968

2

AJ347025

1

AY323157

1

AY580620

1

AY592123

1

AY627534
AY700600
AY700601

1
29
9

AY711502

1

AY942754

1

DQ247946

1

DQ289899

1

DQ300580
DQ416566

1
1

DQ431900

1

DQ436565

2

DQ811847
EF186075

1
38

HstpL36 - marine eubacterium
Endosymbiont of Chlamys farreri, 16S
RNA gene
PDA-OTU2
PDA-OTU3

AF159661

1

AY174895
AY700600
AY700601

2
52
9

PDA-OTU2
PDA-OTU3

AY700600
AY700601

65
29
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Although the primer combination of 63F/1542R was necessary to separate coral
from bacterial rDNA in this experiment, these primers should be used with caution.
Marchesi et al. (1998) developed 63F due to failure of standard primers in amplifying
environmental samples. Early tests showed that 63F exhibited bias in the species of
bacteria amplified but, overall, worked better than 27F in amplifying bacterial 16S rDNA
in environmental samples. However, Sipos et al. (2007) found that a significant bias was
introduced into amplifications of mixed cultures when annealing temperatures above
52ºC were used; bacterial species with rDNA that matched 63F exactly were
preferentially amplified over those with three mismatches at the 5’ end of the primer. If
the mismatched bacterial 16S rDNA sequences had a relative abundance of less than 1:10
in the original sample, no PCR product could be detected. This result showed that
important bacterial-community members may go undetected as a result of slight primer
mismatch. To address this problem, Sipos et al. (2007) suggested keeping the annealing
temperature below 50ºC. Reducing annealing temperatures to appropriate levels lowered
the amplification bias of 63F to almost undetectable amounts.
The specific melting temperatures of all primers used in this study can be found in
Table 2.1, determined using the Tm Calculation for Oligos calculator
(www.promega.com/biomath). Common primer design and use protocols indicate that the
annealing temperature used during thermocycling should be at least 5ºC lower than the
melting temperature for optimal primer hybridization (Innis & Gelfand, 1990): for
8F/1492R the Ta should be 47ºC, and for 63F/1542R the Ta should be 49ºC. The actual Ta
used in this experiment was 54ºC, decreasing the likelihood of primer attachment.
Rohwer et al. (2001; 2002) used a Ta of 62ºC, which should lead to extremely specific
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binding of the primers to template DNA. When the 62°C annealing temperature was
applied to our samples, the “coral band” seen in the 63F/1542R amplification
disappeared, indicating that coral amplification was largely reduced or eliminated.
Attempts to amplify the extractions using 8F/1492R and a touch-down PCR protocol
(65ºC annealing temp – 0.5ºC every cycle) (Rohwer, pers. comm) were unsuccessful,
while faint amplification was detected using 63F/1542R.
Amplifcation of eukaryotic DNA using bacteria-specific primers has previously
been reported in systems other than the coral holobiont (Lopez et al., 2003). Lopez et al.
found that several common primer sets used for testing bacterial populations in wine also
amplified yeast, fungal, and plant DNA in a mixed DNA extraction. As suggested by
Ben-Dov et al. (2006), periodic reassessments of common primers should be done
because many primers were developed at a time when genetic databases were less
comprehensive.
Based on Tm calculations, it is apparent why previous studies (Rohwer et al.,
2001; Rohwer et al., 2002) using primers 8F and 1492R to amplify 16S rDNA out of
coral tissue did not result in PCR products of 18S rDNA: high annealing temperatures
lead to extremely specific primer attachment, greatly reducing the probability that coral
DNA would be amplified. However, caution must be used when determining ideal Ta for
use in thermocycling protocols. Since extremely high annealing temperatures lead to
highly specific primer binding, potentially valuable bacterial-community members may
be excluded from amplification because of several base pair mismatches to the primer. To
combat this problem, Frank et al. (2008) suggest using a combination of several slight
variations of the forward primer 27F to amplify the true bacterial community ratios more
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accurately. Increasing the diversity of forward primers may increase the diversity of 16S
rDNA sequences amplified. In order to comprehend the multitude of interactions in the
coral holobiont fully, the complete range of bacterial species present in samples must be
analyzed. Balance between primer specificity and the potential mismatched novel
bacterial sequences must be found.
2.6 Acknowledgments
Any use of trade names is for descriptive purposes only and does not imply
endorsement by the U. S. Government.
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3. Characterization of Culturable Bacteria Isolated from the Cold-Water Coral
Lophelia pertusa

Note to Reader
This chapter has been published in full (Galkiewicz et al., 2011), and is used with
the permission of the publisher.

3.1 Abstract
Microbes associated with corals are hypothesized to contribute to the function of
the host animal by cycling nutrients, breaking down carbon sources, fixing nitrogen, and
producing antibiotics. This is the first study to culture and characterize bacteria from
Lophelia pertusa, a cold-water coral found in the deep sea, in an effort to understand the
roles the microbes play in the coral microbial community. Two sites in the northern Gulf
of Mexico were sampled over two years. Bacteria were cultured from coral tissue,
skeleton, and mucus, identified by 16S rRNA genes, and subjected to biochemical
testing. Most isolates were members of the Gammaproteobacteria, although there was
one isolate each from the Betaproteobacteria and Actinobacteria. Phylogenetic results
showed that both sampling sites shared closely related isolates (e.g., Pseudoalteromonas
spp.), indicating possible temporally and geographically stable bacterial-coral
associations. The Kirby-Bauer Antibiotic Susceptibility Test was used to separate
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bacteria to strain level, with results showing that isolates that were phylogenetically
tightly grouped had varying responses to antibiotics. These results support the conclusion
that phylogenetic placement cannot predict strain-level differences and further highlight
the need for culture-based experiments to supplement culture-independent studies.
3.2 Introduction
Coral-associated bacteria are hypothesized to perform many functions. They can
potentially be probiotic, secrete bioactive compounds that prevent biofouling of the coral
tissue and skeleton, or aid in cycling nutrients and carbon (Dobretsov & Qian, 2004;
Reshef et al., 2006; Ritchie, 2006; Neulinger et al., 2008). While it is widely understood
that shallow-water tropical corals depend on carbon translocation from symbiotic
zooxanthellae, the degree to which corals rely on bacterial symbiosis isn’t fully known.
In the case of deep-water corals, which lack zooxanthellae, the symbiosis between the
coral and its associated microbial community has the potential to take on a more
prominent role.
Deep-water or cold-water reefs have recently become an important topic in
research and conservation, as more industries attempt to exploit fisheries, pharmaceutical,
and mineral resources from deep ocean waters (Roberts & Hirshfield, 2004; Davies et al.,
2007; Lumsden et al., 2007; Synnes, 2007). Deep-water reefs mirror the impressive
levels of biodiversity commonly associated with tropical euphotic reefs (Reed, 2002a;
Reed, 2002b); however, the environmental conditions that support their growth are very
different. Therefore, studies of deep-water reefs and their associated microbial
communities are important additions to the field of coral ecology. Lophelia pertusa
grows in benthic waters that remain between 4 and 13˚C; reefs in the Gulf of Mexico are
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limited to deep waters (>300 m) to find this temperature range, while L. pertusa reefs in
Norway can be found in waters less than 50 m deep due to low surface water
temperatures (Freiwald, 2002).
Molecular investigations have been performed on L. pertusa from the Atlantic,
Gulf of Mexico, and Norwegian fjords, in order to characterize the associated microbiota
and determine if species-specific associations exist (Yakimov et al., 2006; Neulinger et
al., 2008; Kellogg et al., 2009; Schöttner et al., 2009). These studies have shown that the
bacterial communities found on L. pertusa are unique and distinct from surrounding
seawater and rubble, implying that the coral influences its microbial community.
Neulinger et al.(2008) and Kellogg et al. (2009) found high numbers of L. pertusa
bacteria that were closely related to bacteria associated with other coral species, both
deep and shallow. In addition, L. pertusa-specific mycoplasma-like bacteria (i.e.,
Candidatus Mycoplasma corallicola; Neulinger et al., 2008; Kellogg et al., 2009) and
thiotrophic bacteria were identified through culture-independent methods (Neulinger et
al., 2008; Kellogg et al., 2009). The authors suggest a general class of coral-associated
bacteria shared by both shallow- and deep-water corals, with ecological niches filled by a
variety of bacterial phylotypes.
It is important to acknowledge that culture-based methods underestimate the true
diversity of coral-associated bacteria, however, culturing is necessary to biochemically
classify and analyze the bacterial portion of the coral holobiont. Culturing marine
microbes presents many challenges, as studies have shown that there is minimal overlap
between bacteria characterized by molecular and culture-based methods (Rohwer et al.,
2001). To date, all L. pertusa bacterial-community studies have been based solely on
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molecular methods (Yakimov et al., 2006; Neulinger et al., 2008; Hansson et al., 2009;
Kellogg et al., 2009; Schöttner et al., 2009), although culture-based studies of cold-water
gorgonians have been performed (Brück et al., 2007; Hall-Spencer et al., 2007; Gray et
al., 2011). This study is the first to examine bacteria cultured from L. pertusa, classify
them by partial 16S rRNA gene sequences, and characterize them by their antibiotic
susceptibility patterns.
3.3 Materials and Methods
3.3.1 Sampling sites
Samples of the cold-water coral Lophelia pertusa were collected in the
northeastern Gulf of Mexico for cultivation of associated bacteria (Figure 3.1). At sample
site Viosca Knoll 826 (VK 826), the corals were at a depth of 500 m, with temperature
ranging from 7 to 9°C (8°C during collection). Average pH was 7.79 ± 0.01, and average
oxygen saturation was 6.65 ± 0.02 ml/liter. Abundant Lophelia thickets were observed
with heavily calcified skeletons and minor hydrocarbon seepage was noted. Isolates with
the prefix 4753 were collected and cultured in 2004, and isolates with the prefixes 4878
and 4881 were collected and cultured in 2005 on two separate dives two days apart. The
corals at sample site Viosca Knoll 906/862 (VK 906/862) were located at 315 m depth,
with temperatures ranging from 9 to 13°C (11°C during collection), possibly indicating
thermal stress on L. pertusa. Average pH was 7.86 ± 0.00, and average oxygen saturation
was 6.22 ± 0.02 ml/liter. The coral skeletons at this site were more delicate and fragile
than those at VK 826. Bacterial isolates with the prefix 4746 were collected and cultured
in 2004 and isolates with the prefix 4873 were collected and cultured in 2005. Both sites
are located on the upper continental shelf and had a salinity of 35 psu. Although two
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color morphs of L. pertusa have been described (white and orange/red; Neulinger, et al.,
2008), only the white type has been observed at these sites in the Gulf of Mexico.

Figure 3.1 Location of sampling sites in the northern Gulf of Mexico.
3.3.2 Bacterial Isolation
To retrieve deep-sea samples of L. pertusa without exposing them to extreme
temperature gradients, the Kellogg sampler was used to maintain individual coral
branches in separate, insulated compartments (see Kellogg, et al., 2009 for full
description). Samples were processed immediately after the dive. Using sterile
procedures, a homogenate of coral tissue, mucus, and skeleton was plated onto glycerol
artificial seawater agar (GASWA; Smith & Hayasaka, 1982) and allowed to grow up to
14 days at 4°C. Colonies with unique morphologies were picked and isolated. Over 200
bacterial colonies were isolated for characterization.
3.3.3 Bacterial Identification by 16S rRNA gene amplification
DNA from each bacterial isolate was extracted using Qiagen DNeasy kit,
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following manufacturer protocols, and then amplified with the primers Eco8F (5’-AGAGTT-TGA-TCC-TGG-CTC-AG) (Edwards et al., 1989) and 1492R (5’-GGT-TAC-CTTGTT-ACG-ACT-T) (Stackebrandt & Liesack, 1993) by polymerase chain reaction
(PCR). PCR reagents consisted of 25 µl of Amplitaq Gold master mix plus enzyme, 21 µl
DI water, 1 µl (10 pmol) of each primer, and 2 µl of template. Thermal cycling
conditions were 15 minutes at 95°C; 35 cycles of 1 minute at 95°C, 1 minute at 50°C, and
2 minutes at 72°C; 10 minutes at 72°C for final extension and a 4°C hold. The PCR
product was purified using QIAquick PCR purification kit (Qiagen, Valencia, CA). DNA
was either sequenced directly from the 16S rDNA or cloned using a Qiagen PCR cloning
kit. Clone inserts were amplified using M13/pUC forward primers. Amplification
products were sequenced by Northwoods DNA Inc. (Bemidji, MN) unidirectionally using
Eco8F. Isolates were archived in duplicate in 75% glycerol/25% GASW and stored at 80°C.
3.3.4 Kirby-Bauer Antibiotic Resistance Profiling
Frozen isolates were regrown on GASWA plates and in 3 mL of GASW at 7°C
for further characterization. Using the BBL Prompt Inoculation System, an inoculum
containing approximately 1.5 x 108 colony-forming units per ml (CFU/ml) was made
from each bacterial isolate and spread onto individual Petri dishes containing Mueller
Hinton II agar (amended with 20.8 g NaCl per liter to allow halophilic bacterial growth).
Antibiotic discs containing standardized concentrations of penicillin (10 IU/IE/UI),
tetracycline (30 µg), clindamycin (2 µg), polymixin B (300 IU/IE/UI), chloramphenicol
(30 µg), and novobiocin (30 µg) were pressed into the agar. Plates were incubated at 47°C until a lawn of bacteria was observed, up to 30 days. Control plates were made using
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Staphylococcus aureus ATCC 25923 to confirm proper bacterial growth on the medium
and standard antibiotic activities, and were incubated at 37°C for 24 hours. The diameters
of circular zones of bacterial growth inhibition were measured; the diameter of the
antibiotic disc was subtracted from the total, leaving the zone of inhibition.
3.3.5 Phylogenetic Analysis
Partial 16S rRNA gene sequences were processed using the base-calling software
Phred (Ewing et al., 1998a; Ewing & Green, 1998b) to add quality scores. GreenGenes
(DeSantis et al., 2006) was used to trim the sequences based on their quality scores.
Dereplication of the sequences was accomplished using FastGroupII (Yu et al., 2006),
with matches of 97% or higher grouped together.
3.3.6 Nucleotide Sequence Accession Numbers
Partial 16S rRNA gene sequences of all isolates have been archived in GenBank
under accession numbers HQ640746 through HQ640941.
3.4 Results
3.4.1 Bacterial Isolation and Growth
Of the 196 isolates with 16S rRNA gene sequence data (Tables 3.1-3.3), 26
(13.3%) could not be regrown on GASWA and are considered lost, 47 (24.0%) were
grown on GASWA but would not grow at all on Muller-Hinton II agar, and 45 (23.0%)
grew poorly on Muller-Hinton II agar. Bacterial isolates from site VK 826, which
contained large, healthy colonies of L. pertusa, all belonged to the Gammaproteobacteria
and were dominated by Pseudoalteromonas spp. and Photobacterium spp. (Table 3.1).
Bacterial isolates from all three dives on VK 826 were phylogenetically very similar;
several isolates from the different dives had the same top match in GenBank (e.g.,
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Pseudoalteromonas sp. B149). All but one isolate had >97% similarity to their top
matches in GenBank.
Site VK 906/862 contained sparse L. pertusa colonies, and the coral exhibited
weaker skeletons with thinner calcification of branches. The water temperature ranged
from 9 to 13°C, possibly indicating thermal stress on L. pertusa. The cultured bacteria
from VK 906/862 were slightly more diverse; while still dominated by
gammaproteobacteria, there was also one isolate each from Betaproteobacteria and
Actinobacteria (Table 3.2). Isolate 4746K6-B18 was 100% identical to an uncultured
Achromobacter sp. that was originally isolated from the rhizosphere of a potato. This was
the only non-marine GenBank match for all of the L. pertusa isolates. Overall,
Pseudoalteromonas spp. and Vibrio spp. were the dominant groups cultured at the
potentially heat-stressed reef.
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Table 3.1 Phylogenetic affiliations of bacterial isolates from site VK 826 in the northern
Gulf of Mexico. 16S rRNA gene sequences were compared to sequences in GenBank.
Isolates were clustered using FastGroupII, with the number of isolates clustering together
noted in the Repeats column. The top phylogenetic match for each isolate is indicated by
strain name, accession number, and similarity.
VK 826
Isolate

Similarity
(%)

Top GenBank Match

Accession
No.

2004

2005

Repeats

g-Proteobacteria
Halomonadaceae
4881K6-B5

Cobetia marina strain D7065

100

FJ161356

X

4878K4-B1

Uncultured bacterium clone CB-14

100

HM100916

X

4878K4-B11

Uncultured bacterium clone CB-14

99

HM100916

X

4878K4-B13

Uncultured bacterium clone CB-14

100

HM100916

X

4878K4-B4

Uncultured bacterium clone CB-14

100

HM100916

X

4881K6-B4

Uncultured bacterium clone CB-14

100

HM100916

X

4881K6-B2L

Halomonadaceae bacterium SCSWA22

99

FJ461432

X

4878K4-B2

Halomonas sp. mp1

99

AJ551115

X

4881K2-B2

Halomonas sp. mp1

99

AJ551115

X

4881K6-B3

Halomonas sp. mp1

99

AJ551115

X

4878K4-B5

Halomonas sp. 'SK halo 2'

100

EU373441

X

4753K4-B14

Bacterium QM35

99

DQ822528

4878K2-B58

Pseudoalteromonas elyakovii clone 13

99

EU770411

X

4878K4-B12

Pseudoalteromonas elyakovii clone 13

99

EU770411

X

4881K6-B6

Pseudoalteromonas elyakovii clone 13

99

EU770411

X

4878K4-B6

Pseudoalteromonas elyakovii clone 13

99

EU770411

X

4878K4-B8

Pseudoalteromonas elyakovii clone 13

99

EU770411

X

4881K6-B7

Pseudoalteromonas elyakovii clone 13

98

EU770411

X

4881K4-B1

Pseudoalteromonas sp. 139Z-10

99

GU584150

X

4881K6-B2B

Pseudoalteromonas sp. 159Xa2

99

EU440060

X

4881K2-B1

Pseudoalteromonas sp. ArcB8453012

100

GU120031

X

4753K10-B1

Pseudoalteromonas sp. B149

100

FN295744

X

4753K4-B10

Pseudoalteromonas sp. B149

100

FN295744

X

4753K4-B15

Pseudoalteromonas sp. B149

100

FN295744

X

4753K4-B17

Pseudoalteromonas sp. B149

100

FN295744

X

4753K4-B20

Pseudoalteromonas sp. B149

100

FN295744

X

4753K4-B6

Pseudoalteromonas sp. B149

100

FN295744

X

4878K4-B9

Pseudoalteromonas sp. B149

100

FN295744

X

4881K4-B2

Pseudoalteromonas sp. B149

100

FN295744

X

4753K4-B2

Pseudoalteromonas sp. B193

99

FN295768

X

4753K4-B13

Pseudoalteromonas sp. BSs20055

100

EU365473

X

4878K2-B59

Pseudoalteromonas sp. S1191

100

FJ457147

4878K2-B56

Pseudoalteromonas sp. SCSWD13

99

FJ461453

4753K4-B8

Pseudoalteromonas tetraodonis

99

AB563179

4878K4-B7

Pseudoalteromonas tetraodonis

99

AB563179

X

4881K6-B1

Uncultured bacterium clone O28

99

GQ377771

X

2

Pseudoaltermonas
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X

3*
2
X

7*

X
X
X

2

4753K4-B11

Pseudoalteromonas sp. M71_D34

100

FM992789

X

Psychrobacter
4753K4-B3

Psychrobacter sp. 4Dc

99

HM771256

X

4753K4-B24

Psychrobacter sp. JT05

100

AB554726

X

4878K2-B30

Photobacterium leiognathi strain LN101

99

AY292944

X

4878K2-B5

Photobacterium leiognathi strain SN2B

99

AY292951

X

4881K8-B1

Photobacterium phosphoreum strain CECT 4172

99

FJ971860

X

4878K2-B12

Photobacterium sp. 42X-1a4

100

EU440051

X

4878K2-B13

Photobacterium sp. 42X-1a4

100

EU440051

X

4878K2-B17

Photobacterium sp. 42X-1a4

100

EU440051

X

4878K2-B18

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B20

Photobacterium sp. 42X-1a4

100

EU440051

X

2

4878K2-B21

Photobacterium sp. 42X-1a4

100

EU440051

X

2

4878K2-B24

Photobacterium sp. 42X-1a4

100

EU440051

X

4

4878K2-B25

Photobacterium sp. 42X-1a4

100

EU440051

X

4878K2-B26

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B28

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B33

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B34

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B35

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B4

Photobacterium sp. 42X-1a4

100

EU440051

X

4878K2-B40

Photobacterium sp. 42X-1a4

100

EU440051

X

4878K2-B42

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B43

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B44

Photobacterium sp. 42X-1a4

100

EU440051

X

4878K2-B45

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B47

Photobacterium sp. 42X-1a4

100

EU440051

X

3

4878K2-B48

Photobacterium sp. 42X-1a4

100

EU440051

X

2

4878K2-B50

Photobacterium sp. 42X-1a4

99

EU440051

X

2

4878K2-B51

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B53

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B55

Photobacterium sp. 42X-1a4

100

EU440051

X

4878K2-B63

Photobacterium sp. 42X-1a4

100

EU440051

X

4878K2-B8

Photobacterium sp. 42X-1a4

99

EU440051

X

4878K2-B9

Photobacterium sp. 42X-1a4

100

EU440051

X

4878K2-B10

Photobacterium sp. Asur-1

99

AB055784

X

4878K2-B60

Photobacterium sp. OSar2

99

DQ317688

X

4878K2-B23

99

FJ457541

X

4878K2-B2

Photobacterium sp. S3704
Uncultured marine microorganism clone
4035AA_87

100

EU188016

X

4753K6-B1

Vibrio sp. 61S-28

100

GU371703

Vibrionaceae

X

*Group includes isolates from both sites. These groups are expanded in Table 3.3.
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2

4

4*

3

4

7*

3

Table 3.2. Phylogenetic affiliations of bacterial isolates from site VK 906/862 in the
northern Gulf of Mexico. 16S rRNA gene sequences were compared to sequences in
GenBank. Isolates were clustered using FastGroupII, with the number of isolates
clustering together noted in the Repeats column. The top phylogenetic match for each
isolate is indicated by strain name, accession number, similarity.
VK 906/862
Isolate
g-Proteobacteria
Colwellia
4873K4-B8
Pseudoalteromonas
4873K4-B5
4746K8-B15
4873K2-B19
4873K2-B27
4873K2-B30
4873K2-B31
4873K2-B33
4873K2-B34
4873K2-B35
4873K2-B38
4873K4-B15
4746K2-B1
4746K8-B11
4873K2-B37
4746K6-B13
4873K4-B13
4873K4-B3
4746K6-B14
4746K6-B15
4746K6-B5
4746K8-B12
4746K8-B4
4746K8-B5
4746K8-B13
4746K10-B1
4746K8-B1
4873K4-B4
4746K6-B9
4746K8-B14
4746K6-B11
4746K6-B8
4746K8-B10

Strain

Similarity
(%)

Accession
No.

94

FJ875446

X

99

DQ064619

X

99

DQ787199

98

HM003113

X

99

HM003113

X

98

HM003113

X

98

HM003113

X

99

HM003113

X

98

HM003113

X

98

HM003113

X

98

HM003113

X

99
100
100
100

HM003113
EU770411
EU770411
EU770411

99
99
99
100
100
99
100
100
100
99
99
100
100
99
100

EU939699
GU120031
GU120031
FN295744
FN295744
FN295744
FN295744
FN295744
FN295814
EF635229
EU935098
EU935093
GQ202280
GQ202280
GQ202280

X

99

FJ695595

X

100

FJ695595

X

100

FJ695595

X

Uncultured bacterium clone
ER_0.2_16S_3
Arctic seawater bacterium Bsw20449
Pseudoalteromonas arctica strain A
37-1-2
Pseudoalteromonas denitrificans
strain MAR_121_B08_2010-01-20
Pseudoalteromonas denitrificans
strain MAR_121_B08_2010-01-20
Pseudoalteromonas denitrificans
strain MAR_121_B08_2010-01-20
Pseudoalteromonas denitrificans
strain MAR_121_B08_2010-01-20
Pseudoalteromonas denitrificans
strain MAR_121_B08_2010-01-20
Pseudoalteromonas denitrificans
strain MAR_121_B08_2010-01-20
Pseudoalteromonas denitrificans
strain MAR_121_B08_2010-01-20
Pseudoalteromonas denitrificans
strain MAR_121_B08_2010-01-20
Pseudoalteromonas denitrificans
strain MAR_121_B08_2010-01-20
Pseudoalteromonas elyakovii clone 13
Pseudoalteromonas elyakovii clone 13
Pseudoalteromonas elyakovii clone 13
Pseudoalteromonas haloplanktis strain
HK5
Pseudoalteromonas sp. ArcB8453012
Pseudoalteromonas sp. ArcB8453012
Pseudoalteromonas sp. B149
Pseudoalteromonas sp. B149
Pseudoalteromonas sp. B149
Pseudoalteromonas sp. B149
Pseudoalteromonas sp. B149
Pseudoalteromonas sp. B49
Pseudoalteromonas sp. BSw20564
Pseudoalteromonas sp. P22
Pseudoalteromonas sp. P58
Pseudoalteromonas sp. QY202
Pseudoalteromonas sp. QY202
Pseudoalteromonas sp. QY202
Uncultured Pseudoalteromonas sp.
clone CI35
Uncultured Pseudoalteromonas sp.
clone CI35
Uncultured Pseudoalteromonas sp.
clone CI35

53

2004

2005

Repeats

X

2

X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X

2
3*
2*

X

3*

4746K8-B9
4746K6-B2
4746K6-B10
Pseudomonas
4746K6-B17
Psychrobacter
4746K6-B16
4746K8-B2
4746K8-B7
4746K8-B6
Shewanella
4873K4-B16
4873K4-B23
4873K4-B7
4873K4-B24
4873K4-B10
4873K4-B22
4873K4-B28
Vibrionaceae
4873K2-B18
4873K4-B14
4873K4-B26
4873K4-B20
4873K4-B21
4873K2-B32
4873K4-B2
4873K4-B19
4873K4-B29
4873K4-B12
4873K2-B36
4873K2-B42
4873K2-B22
4873K2-B26
4873K2-B29
4873K2-B40
4873K2-B44
b-Proteobacteria
4746K6-B18
Actinobacteria
4746K6-B20

Uncultured Pseudoalteromonas sp.
clone CI35
Pseudoalteromonas sp. M71_D34
Pseudoalteromonas sp. M71_D34

100
100
99

FJ695595
FM992789
FM992789

X
X
X

Pseudomonas sp. AM04

100

GQ483506

X

Psychrobacter sp. JT05
Psychrobacter sp. JT05
Psychrobacter sp. JT05
Psychrobacter sp. OW20

100
100
99
100

AB554726
AB554726
AB554726
GU434161

X
X
X
X

Shewanella sediminis HAW-EB3
Shewanella sediminis HAW-EB3
Shewanella sp. B225
Shewanella sp. J327
Shewanella sp. J327
Shewanella sp. KCCM 42936
Shewanella sp. KCCM 42936

97
97
100
99
99
98
98

CP000821
CP000821
FN295775
AY369989
AY369989
GQ869534
GQ869534

X
X
X
X
X
X
X

Aliivibrio logei isolate AV02/2007
Aliivibrio wodanis strain SR6
Aliivibrio wodanis strain SR6
Photobacterium phosphoreum isolate
PHPH
Uncultured bacterium clone
A201_NCI
Uncultured bacterium clone CA-23
Uncultured bacterium clone
surface_16S_15
Uncultured gamma proteobacterium
clone D13W_61
Uncultured Photobacterium sp. clone
8B_137
Vibrio ichthyoenteri
Vibrio sp. HM12-37
Vibrio sp. HM12-37
Vibrio sp. W027
Vibrio sp. W027
Vibrio sp. W027
Vibrio sp. W027
Vibrio splendidus strain LMG 4042,
clone a

99
99
99

EU257755
EU185827
EU185827

X
X
X

99

AY780009

X

98
99

FJ456798
HM100897

X
X

100

FJ875439

X

99

HM057759

X

100
98
100
100
99
100
99
100

AM501622
AM181657
AB525428
AB525428
EF114129
EF114129
EF114129
EF114129

X
X
X
X
X
X
X
X

99

AJ515229

X

Uncultured Achromobacter sp. clone
Bfa115

100

GU472956

X

Kocuria sp. Z21zhy

99

AM418389

X

2

2*

3

*Group includes isolates from both sites. These groups are expanded in Table 3.
3.4.2 Phylogenetic Analysis
Partial 16S rRNA genes were amplified and sequenced for each of the isolates in
order to phylogenetically identify them. The sequenced isolates were sorted by site and
by year (Tables 3.1 and 3.2) and separated into broad phylogenetic groups. The majority
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of the cultured isolates had high similarity to previously described sequences in
GenBank. Groups of isolates were formed by processing all 16S rRNA gene sequences
through FastGroup II (Yu, et al., 2006). Isolates that were >97% similar were grouped by
FastGroup II, using a representative sequence to identify the group. These groups are
indicated by a number in the “Repeats” column of Tables 3.1 and 3.2, indicating how
many isolate sequences are represented. If these groups contained isolates from both
sites, they were further expanded in Table 3.3, which shows all sequences within the
group, along with site and year cultured. Isolates with the same top GenBank match, but
that are not grouped together, were <97 % similar to each other, and so are listed
individually.
Table 3.3. Groups that contain isolates from both sites and years are expanded to show
each isolate.
Isolates Grouped
from Multiple Sites
Isolate

Strain

Similarity
(%)

Accession
No.

2004

100

FN295744

X

VK 826

X
X

VK 826
VK
906/862

2005

Site

g-Proteobacteria
Pseudoalteromonas
4753K10-B1

Pseudoalteromonas sp. B149

4753K4-B1
4746K6-B3
4753K4-B20

Pseudoalteromonas sp. B149

100

FN295744

X

VK 826

4753K4-B18

X

VK 826

4753K4-B5

X

4746K6-B4

X

VK 826
VK
906/862

4753K4-B9

X

4873K4-B1

X

4746K8-B3
4746K6-B5

X
Pseudoalteromonas sp. B149

99

FN295744

X

4746K6-B1

X

4753K4-B19

X

4746K8-B12

Pseudoalteromonas sp. B149

100

FN295744

4753K4-B16
4873K4-B4

VK 826
VK
906/862

X
X

Pseudoalteromonas sp.
QY202

100
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GQ202280

VK 826
VK
906/862
VK
906/862
VK
906/862
VK
906/862

X

VK 826
VK
906/862

4873K4-B11

X

4753K4-B23

VK
906/862

X

VK 826

X

VK
906/862

X

VK 826

Psychrobacter
4746K8-B6

Psychrobacter sp. OW20

100

GU434161

4753K4-B4
Vibrionaceae
4878K2-B44

Photobacterium sp. 42X-1a4

100

EU440051

X

VK 826

4878K2-B54

X

4873K2-B1

X

VK 826
VK
906/862

X

VK 826

X

VK 826

4878K2-B7

X

VK 826

4878K2-B19

X

VK 826

4878K2-B32

X

VK 826

4878K2-B62

X

4873K4-B9

X

VK 826
VK
906/862

4878K2-B39

X

VK 826

4878K2-B46
4878K2-B23

Photobacterium sp. S3704

99

FJ457541

While only the top GenBank match is presented for each isolate, the top 5-10
matches were evaluated to better ascertain the phylogenetic relationships of the isolates.
Bacterial isolates were grouped together by their top GenBank matches, first by specific
strain and then by species or genus. Isolates with a top hit to an uncultured organism were
further vetted by running the 16S rRNA gene sequence through the Ribosomal Database
Project Classifier program. All isolates with “uncultured” top matches (e.g., uncultured
bacterium clone CB-14) were found to be closely related to cultured bacteria, with only
one isolate showing less than 97% (>400 bp sequence size fragment) similarity to a
cultured representative.
3.4.3 Kirby-Bauer Antibiotic Susceptibility Testing
Of the 196 total bacterial isolates, only 78 isolates (40%) could be read for KirbyBauer testing, and all were gammaproteobacteria (Figure 3.2). Certain isolates, notably
many Vibrio spp., would not grow on Muller-Hinton II agar. Many cultures remained
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uncultivable on Muller-Hinton II agar even when it was amended with NaCl to a salinity
identical to the isolation medium.

Figure 3.2. (Next page) Heat map of the Kirby-Bauer antibiotic susceptibility ranges for
76 isolates. The top GenBank matches for each isolate are listed and all isolates are
grouped by species. Levels of susceptibility to each of the six antibiotics (penicillin, P10;
tetracycline, TE30; clindamycin, CC2; polymixin B, PB300; chloramphenicol, C30;
novobiocin, NB30) are indicated by colors. Black – totally resistant, Red – clinically
resistant, Yellow – intermediate susceptibility, Blue – susceptible, with each
classification dependent on antibiotic-specific ranges. Isolates that group together
phylogenetically have different patterns of susceptibility to the antibiotics.
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The results of Kirby-Bauer testing on the 78 isolates are presented in Figure 3.2. Isolates
are grouped by phylogenetic characterization, based on the top GenBank match as listed
in Tables 3.1 and 3.2. Level of resistance or susceptibility to the six antibiotics is denoted
by the different colors, with one bacterial isolate per row. Based on manufacturer’s
instructions from BD BBL Sensi-Disc Antimicrobial Susceptibility Test Discs ™, the
levels of susceptibility to each antibiotic were broken down into categories using their
Zone Diameter Interpretive Standards for gram-negative bacteria. Completely resistant
bacteria had no zones of inhibition to the antibiotic (0 mm). Ranges for clinically
resistant, intermediate, and susceptible zones of inhibition were unique for each antibiotic
and are listed in Figure 3.2.
The most common antibiotic resistance was to clindamycin, which has a
bacteriostatic effect characterized by binding to the 50S rRNA molecule of the bacterial
ribosome subunit and preventing protein synthesis. Clindamycin is most active against
anaerobic bacteria, so resistance was not unexpected since the bacterial isolates were
grown in aerobic culture conditions (Weingarten-Arams & Adam, 2002). Only two
isolates (2.6%) exhibited susceptibility to clindamycin, a Halomonas sp. and a
Pseudoalteromonas sp., both from site VK 826.
There was consistent susceptibility to polymixin B, an antibiotic that affects cellmembrane permeability of gram-negative bacteria. All bacteria tested with the KirbyBauer method were gram-negative, so these results are not unexpected, although the
uniformity is surprising.
All isolates exhibited varying levels of susceptibility to the four other antibiotics
chosen. Chloramphenicol was active against all isolates, with two isolates exhibiting
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intermediate susceptibility, while the rest were completely susceptible. Only one isolate
was clinically resistant to tetracycline, with all others classified as susceptible. Levels of
resistance to penicillin and novobiocin varied widely. Six of the 78 (7.7%) isolates were
intermediately susceptible to penicillin, while ten (12.8%) were clinically resistant.
Novobiocin had some effect on all isolates, although they ranged from clinically resistant
to susceptible. As seen in Figure 3.2, isolates that would be considered the same species
based on their partial 16S rRNA gene sequences have different antibiotic resistance
profiles.
3.5 Discussion
3.5.1 Culturing environmental isolates
The microbes cultured from L. pertusa had 16S rRNA gene sequences that were
closely related to bacteria previously isolated and cultured from a variety of marine
environments. The growth medium used in this study (GASWA) is non-specific and
nutrient rich, selecting for bacteria that grow quickly on solid agar. GASWA is
commonly used in culture-based studies of shallow-water coral microbial communities
(Ritchie & Smith, 1995; Ritchie, 2006; Mao-Jones et al., 2010) and has also been used to
culture bacteria associated with deep-sea gorgonians (Mao-Jones et al., 2010; Gray et al.,
2011). The majority of isolates were related to Gammaproteobacteria, with heavy
representation of Vibrionaceae and Pseudoalteromonas (Tables 3.1 and 3.2). Cultureindependent studies of bacteria associated with the white color morph of L. pertusa have
found higher diversity of bacterial 16S rRNA genes, with large numbers of clones
representing the Alphaproteobacteria, Bacteroidetes, Tenericutes, and Actinobacteria in
addition to Gammaproteobacteria (Neulinger et al., 2008; Kellogg et al., 2009). No
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overlap was observed between cultured isolates and clones from previous Lophelia
investigations.
Isolates phylogenetically designated as Halomonadaceae (including Halomonas
sp. and Cobetia sp.) were only cultured from corals at VK 826 and only from the two
dives in 2005 (Table 3.1). All isolates were 99% identical to their top GenBank match.
All of the GenBank matches were marine in origin, with some existing as free-living
(planktonic) or sediment-associated bacteria. The top match for six Halomonadaceae
isolates was “uncultured bacterium clone CB-14” (Accession # HM100916), which is
potentially symbiotic or commensal with a marine sponge; the closest cultured GenBank
matches for these isolates were all Cobetia spp.
Bacteria with high similarity (!98%) to marine Pseudoalteromonas spp. were
isolated from all dives (Tables 3.1-3.3). Many had GenBank matches that could be
considered potentially symbiotic, with hosts including euphasiids, anemones, red algae,
shallow-water coral mucus, and multiple bryozoan species. The majority of these
GenBank matches comes from cultured Pseudoalteromonas spp., not clones. Overlap
between the two sample sites was observed, with isolates from both sites and both years
matching the same GenBank top hit (i.e., Pseudoalteromonas sp. B149).
Psychrobacter-like bacteria were isolated from both sites, but only in 2004. Six
bacterial isolates were identified as Psychrobacter spp., although they were most similar
to only two sequences in GenBank, indicating low culturable diversity of this genus on
Lophelia. The GenBank matches were cultured from seawater and deep-sea sediment.
There was high abundance of Vibrionaceae represented in the culture samples.
Photobacterium, Aliivibrio, and Vibrio were all isolated from L. pertusa. All but three
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Vibrio-related VK 826 isolates and all VK 906/862 isolates were cultured in 2005, which
could be an artifact of culturing procedures (e.g., heterogeneity of mucus/tissue slurry) or
an indication of temporal variation in the coral-associated bacterial communities.
Bacterial isolates from VK 826 were dominated by Photobacterium spp., particularly
Photobacterium sp. 42X-1a4 (Accession # EU440051), which was originally isolated
from infected krill tissue, indicating potential pathogenicity. However, other
Photobacterium-like isolates (e.g., 4878K2-B30 and 4878K2-B5) were most similar to
bacteria that had been cultured from squid light organs, a symbiotic lifestyle. More
diversity was seen among the Vibrionaceae at VK 906/862, with the L. pertusa isolates
matching to sequences in GenBank that include microbes associated with fish intestines
(FJ456798, AM181657), sediments (AM501622, EF114129), and sponges (HM100897).
Shewanella-like bacteria were only isolated in 2005 from corals at VK 906/862.
The L. pertusa isolates were 98-100% identical to their closest BLAST matches in
GenBank, all of which were cultured. Two isolates were most similar to Shewanella-like
sequences that are potentially symbiotic: Shewanella sp. B225 (FN295775) was isolated
from a bryozoan and Shewanella sp. J327 (AY369989) was isolated from a deep-water
sponge. A single bacterium from VK 906/862 was most closely related to Pseudomonas
sp. AM04 (GQ483506), which produces a biosurfactant.
The dramatic differences between culturable bacteria and bacterial sequences
recovered by culture-independent methods from the same samples has been previously
documented (Rohwer, et al., 2001). Bacterial isolates from dive 4753 (Tables 3.1 and
3.3) can be compared to the 16S rRNA genes cloned from the same corals in an
experiment done by Kellogg et al. (2009). Branches from the same coral were either
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preserved at depth using DMSO/EDTA/salt buffer, or brought to the surface without
being preserved. The branch that was brought to the surface live was subdivided: DNA
extraction was performed on several polyps (see Kellogg et al., 2009 for full details) and
the rest were homogenized into a slurry to spread-plate on growth media. Comparison of
the clone libraries from the DNA extractions and the number of cultured bacteria shows
large differences. The clone library of one coral colony (4753K4) that was preserved at
depth had representatives of Alpha- and Gammaproteobacteria, Tenericutes and
Bacteroidetes. The unpreserved sample from the same coral (brought to the surface live
and immediately DNA extracted) was dominated by Tenericutes, with small fractions of
Alpha- and Gammaproteobacteria and Bacteroidetes. The cultured representatives from
that coral (Table 3.1) are only from the Gammaproteobacteria, comprised of
Pseudoalteromonas spp. and Psychrobacter spp. Recognizing the inherent biases in
culturing bacteria from the environment are important, but culturing and isolation of
bacteria is necessary for detailed studies of physiology and ecological function.
Employing an assortment of media types and growth condition variables can aid in
increasing the diversity of microbes recovered by culturing, an ongoing experimental
endeavor.
3.5.2 Potential Function of Cultured Bacteria
Pseudoalteromonas spp. and Vibrio spp. are commonly recovered when culturing
bacteria from corals (Rohwer et al., 2001; Dobretsov & Qian, 2004; Lampert et al., 2006;
Ritchie, 2006; Bally & Garrabou, 2007; Brück et al., 2007; Chimetto et al., 2008; Raina
et al., 2009) and sponges (Lee et al., 2007; Mangano et al., 2009; Menezes et al., 2009)
indicating their ubiquity in the marine environment, as well as their possible symbiosis
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with marine organisms. Hypotheses on the ecological or metabolic function of these
community members are varied. Pseudoalteromonas spp. are known to secrete bioactive
compounds with antifouling functions (Dobretsov & Qian, 2004), and both Vibrio spp.
and Pseudoalteromonas spp. can produce antibiotics (Ritchie, 2006). These findings may
suggest a protective role, aiding L. pertusa in clearing or preventing settlement of
epibiotic organisms. Additionally, Vibrio spp. associated with a Brazilian coral have been
shown to fix nitrogen (Chimetto et al., 2008). Vibrio spp. have also been shown to break
down recalcitrant carbon sources, such as cellulose and lignin (Neulinger et al., 2008)
and dimethyl-sulfoniopropionate (DMSP; a sulfur-organic compound released by
phytoplankton, Raina et al., 2009). Unlike zooxanthellate shallow-water corals, L.
pertusa relies completely on capture-feeding for nutrition (Freiwald & Roberts, 2005;
Roberts et al., 2006), and could supplement feeding by maintaining a community of
microbes that cycle necessary nutrients such as nitrogen or break down carbon sources
unusable by the coral.
While Vibrio spp. are often implicated in diseases of corals (Kushmaro et al.,
1997; Ben-Haim et al., 2003; Hall-Spencer et al., 2007; Vega Thurber et al., 2009), the
corals collected for this study were apparently healthy at the time of collection. No
diseases affecting L. pertusa have been identified through sampling, video footage, or
still photographs. In addition, the prevalence of culturable Vibrio spp. on healthy corals
indicates that they are normal members of coral microbiomes (Dobretsov & Qian, 2004;
Lampert et al., 2006; Ritchie, 2006; Brück et al., 2007; Chimetto et al., 2008; Raina et
al., 2009). This suggests that Vibrio spp. are performing a symbiotic role that may be
disrupted in times of stress for the coral, leading to a population explosion that results in
64

physical signs of disease and over-representation in microbial studies of disease.
All bacteria in this study were isolated and cultured from plates that were kept
between 4 and 10°C, in an effort to maintain in situ temperatures. As noted by Gray et
al., (2011) temperature can bias the number and diversity of bacteria recovered from
cold-water coral samples. They found that fewer bacteria were recovered from plates
incubated at 22°C than at 4°C, and of those bacteria, there was a higher percentage of
Vibrio spp. isolated at the warmer incubation temperature (Gray, et al., 2011). This
finding also indicates that high temperature stress on in situ Lophelia colonies could
cause the community of microbes to shift, allowing more Vibrio-like growth and
inhibiting the growth of other microbes.
3.5.3 Kirby-Bauer Antibiotic Susceptibility Testing
3.5.3.1 Effect of Incubation Length on Zone of Inhibition Size
To apply the Kirby-Bauer test to bacteria isolated from the cold-water coral L.
pertusa, the procedure was altered so that the plates were incubated at 4-7°C for up to 30
days, instead of 37°C for 24-48 hours. Maintaining the bacterial cultures in conditions as
close as possible to their natural environment was deemed important to obtain
environmentally relevant data, and long incubation times were required to observe
sufficient bacterial growth. However, concerns were raised that increasing the incubation
time could lead to antibiotic breakdown (leading to smaller zones of inhibition) or greater
antibiotic diffusion into the agar (leading to larger zones of inhibition). To address these
concerns, incubation length was measured in hours and plotted against zone of inhibition
diameter. An extremely low correlation was observed (max r2 = 0.19) for all regression
lines, and low significance (Fs < 1.0 for all, ANOVA) of these regression lines suggest
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that size of the zones of inhibition could not be well explained by length of incubation
(Supplementary Figure A.1, Appendix A).
3.5.3.2 Variability of Kirby-Bauer Profile Among Grouped/Closely Related Bacteria
Discussion of antibiotic susceptibility as measured by the Kirby-Bauer test is
limited first by the number of cultivable bacteria isolated out of the total bacterial
community associated with the coral holobiont, and secondly by the subset of those
bacteria that can grow on Muller-Hinton II agar amended with salt. Surprisingly, very
few Vibrionaceae grew on the Mueller-Hinton II agar, indicating that some essential
nutrient was missing, was present in the wrong amount, or that an inhibitor specific to
that family was in the medium. The purpose of this test was to examine antibiotic
sensitivity differences between bacterial isolates classified as the same species based on
their 16S rRNA gene sequences. Lampert, et al. (2006) used the same six antibiotics to
examine strain-level differences between bacterial cultures isolated from mucus of the
shallow-water coral Fungia scutaria.
Overall patterns of susceptibility to the six antibiotics were represented across the
different phylogenetic groups: the majority of isolates were susceptible to three or four
antibiotics, while five isolates were susceptible to five of the antibiotics, and a single
isolate (4746K8-B6) was susceptible to only two antibiotics (Figure 3.2). Individual
patterns of susceptibility could vary within the phylogenetic groups, but were repeated
between groups (e.g., 4878K4-B1, 4746K6-B13, 4753K4-B4 share the same profile but
are in different phylogenetic groups). A study of culturable chloramphenicol-resistant
bacteria from coastal waters in Jiaozhou Bay, China, revealed that the majority were
identified as Pseudoalteromonadaceae sp. (Dang et al., 2008). The single bacterial
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isolate from the current study that was intermediately susceptible, indicating slight
resistance to chloramphenicol, is also a Pseudoalteromonas sp.; however, all of the
remaining bacteria were susceptible (Figure 3.2).
Differing patterns of antibiotic susceptibility would suggest strain-level
differences in accessory or antibiotic-resistance genes either within the genome or
encoded on plasmids, integrons, or transposons in the bacterial isolates (Thomas &
Nielsen, 2005; Allen et al., 2010). It has been shown that while bacteria maintain a core
set of “housekeeping genes” necessary for function (i.e., 16S rRNA genes), there is
continuous swapping of accessory genes (e.g., antibiotic resistance genes; Staley, 2006).
The definition of bacterial species is almost solely anchored on phylogenies constructed
with core genes; however, the ecological role of the bacteria is highly dependent on the
suite of accessory genes (Tettelin et al., 2005; Staley, 2006). Testing bacterial function
within the coral holobiont, as well as phylogenetic identity, will aid researchers in
deciphering the role of bacterial communities associated with corals.
Isolates with shared GenBank matches, which putatively identified them as the
same bacterial species, showed differences in their antibiotic resistance profiles. For
example, bacteria related to Pseudoalteromonas sp. B149 were isolated from both sites
during both 2004 and 2005, indicating that this bacterium is temporally stable at the two
sites. However, the antibiotic resistance profiles between and within sites and years were
variable, with differing susceptibility to penicillin, chloramphenicol, and novobiocin
(Figure 3.2). Analogous variability can be seen among isolates related to “uncultured
bacterium clone CB-14,” a Halomonas species. These isolates were cultured from site
VK 826 in 2005 on two different dives and show variable antibiotic resistance profiles.
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Notably, one of the isolates (4881K6-B4) was susceptible to clindamycin, one of only
two strains to exhibit this trait.
Differing antibiotic resistance profiles among bacterial strains that would be
grouped together based on their 16S rRNA gene phylogenies illustrates the difficulty of
assigning species identifications anchored solely by a single gene. For example,
identification of Vibrio spp. to the species or strain level requires the use of multi-locus
sequencing (Thompson et al., 2005; Pollock et al., 2010). The variability in antibiotic
resistance profiles could indicate important strain-level differences. At the minimum, it
cautions against relying too heavily on identifications based on single genes to predict
ecological roles.
3.5.4 Natural Antibiotic Resistance
Antibiotic resistance in non-clinical or environmental settings is not necessarily a
signal of anthropogenic influence, although pharmaceutical waste has been implicated in
influencing antibiotic resistance in natural microbial populations (Allen et al., 2010).
Rather, there seems to be a constant, low-level existence of antibiotic resistance genes
flowing throughout natural populations (Yim et al., 2007; Allen et al., 2010). In addition,
antibiotics are found at subinhibitory or sublethal concentrations in the natural
environment (Yim et al., 2007) and are commonly produced by microbes during
stationary growth phase (Fajardo et al., 2009). Gene expression studies have shown that
sublethal doses of antibiotics can induce phenotype changes (e.g., biofilm production) or
transcription patterns shifts (Davies et al., 2006; Fajardo et al., 2009). The results of these
studies suggest that the natural molecules from which clinical antibiotics are derived can
function as cell-to-cell signals in the environment, an important ability for microbes
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existing in a community structure (Davies et al., 2006; Yim et al., 2007; Fajardo et al.,
2009). The concentrations of antibiotics used in Kirby-Bauer testing are meant to be
bacteriostatic or bactericidal. An interesting experiment would be to observe possible
phenotype changes when bacterial isolates are exposed to sublethal doses of the same
antibiotics.
Initial microbiological studies of bacteria associated with the cold-water coral
Lophelia pertusa have all relied on culture-independent methods (Yakimov et al., 2006;
Neulinger et al., 2008; Kellogg et al., 2009; Schöttner et al., 2009). This paper is the first
to present results from culture-based bacterial surveys. Culture-based experiments are
significantly limited in the bacterial diversity recovered (Fuhrman & Campbell, 1998);
however, they provide important information about physiological capabilities of the
microbes. Our results show that bacterial function is not necessarily tied to phylogeny,
hinting at cryptic functional potential in these bacterial isolates.
A supplementary figure for this section is included in Appendix A.
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4. Cultured fungal associates from a deep-sea coral

4.1 Abstract
Microbial communities associated with corals are dynamic and diverse, composed
of bacteria, archaea, and microeukaryotes. Most work in coral microbiology thus far has
focused on bacteria, neglecting the eukaryotic community members. This is the first
study to culture fungi from the cold-water coral Lophelia pertusa, reporting on carbon
source utilization of those fungal associates. Healthy colonies of L. pertusa host diverse
phylotypes of basidiomycete and ascomycete fungi (both yeast and filamentous forms)
that are capable of metabolizing multiple carbon sources. Isolates from different sites
were phylogenetically closely related, indicating these genera are widely distributed in
association with L. pertusa. Biolog! Filamentous Fungi microtiter plates were employed
to determine the functional capacity of these isolates to grow on varied carbon sources.
While four of the isolates exhibited no growth on any provided carbon source, the rest
(n=10) grew on 8.3-66.7% of carbon sources available. Carbohydrates, carboxylic acids,
and amino acids were the most commonly metabolized carbon sources, with overlap
between the carbon sources used and amino acids found in L. pertusa mucus. While the
functional role of fungi in the coral holobiont isn’t clear, this study represents a first
attempt at understanding potential connections between the eukaryotic members of the L.
pertusa holobiont.
75

4.2 Introduction
The coral holobiont consists of the coral host and all associated microbiota,
including bacteria, archaea, and microeukaryotes (Wegley et al., 2004). Determining the
functional roles of different classes of microorganisms is of increasing importance as
coral health declines worldwide (Rosenberg et al., 2007). Molecular and cultureindependent methods are most often used to describe bacteria and archaea associated with
corals (e.g., Rohwer et al., 2001; Kellogg, 2004; Wegley et al., 2004; Bourne & Munn,
2005; Kellogg et al., 2009); however, general 18S primers intended to survey the
diversity of microeukaryotes (e.g., fungi and protists) can be overwhelmed by coral
genetic material in DNA extractions. Culturing coral-associated microbiota with selective
media offers an alternative to culture-independent community analysis, allowing
additional biochemical and physiological characterization of isolates.
Fungi are known to associate with shallow-water corals, both as potential
symbionts (Bentis et al., 2000; Ravindran et al., 2001; Domart-Coulon et al., 2004) and
pathogens (Raghukumar & Raghukumar, 1991; Yarden et al., 2007; Zuluaga-Montero et
al., 2010). One of the major diseases of sea fans (Gorgonia spp.) is caused by the
ascomycete Aspergillus sydowii (Smith et al., 1996; Geiser et al., 1998). Most of the
fungi described in shallow-water corals are endolithic, occurring primarily in the
underlying carbonate skeleton and not affecting the coral tissue (Campion-Alsumard et
al., 1995a; Campion-Alsumard et al., 1995b; Bentis et al., 2000). The function of fungi
associated with shallow-water corals is not well understood. A metagenomic study by
Wegley and colleagues (2007) showed that fungal metabolic genes in the shallow-water
coral Porites astreoides were dominated by nitrogen cycling (e.g., nitrate/nitrite
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ammonification, ammonia assimilation), which would be potentially useful for corals in
nitrogen-limited waters. Another coral metagenome by Thurber et al. (2009) showed that
the majority of fungal genes associated with Porites compressa were similar to
phytopathogenic fungi, and more of the phytopathogenic-like fungal genes were found
when stressors were applied to the coral.
Fungi have been cultured from a variety of deep-sea locations, including
hydrothermal vent fauna (Burgaud et al., 2009; Burgaud et al., 2010), submarine
volcanoes (Connell et al., 2009), and sediments (Singh et al., 2010). Previous molecular
investigations of the hermatypic cold-water coral Lophelia pertusa identified a fungal
18S rRNA gene sequence that was most similar to Paecilomyces sp. and Acremonium sp.
(Kellogg, 2008). Histological investigations have shown fungal bioerosion in dead L.
pertusa skeleton attributed to the filamentous fungi Dodgella priscus (Freiwald et al.,
1997), which was visually identified but not molecularly confirmed. Freiwald and
colleagues also described fungal hyphae associated with Lophelia septae, but did not
identify them (Freiwald & Wilson, 1998; Wisshak et al., 2005). This is the first report of
fungi cultured from living tissue of the cold-water coral Lophelia pertusa. Extensive
sampling, video footage and still photographs of L. pertusa worldwide have not identified
any diseases associated with this coral species, so the isolated fungi are not presumed to
be pathogenic.
The objective of this study was to culture fungi from the cold-water coral L.
pertusa using selective media. The resulting isolates were then subjected to biochemical
and physiological testing to determine potential functional roles within the coral
holobiont. Fungal isolates from seven families, including both filamentous and yeast
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morphotypes, were cultured from corals collected from the northern Gulf of Mexico, the
West Florida Slope, and the eastern Atlantic Ocean.
4.3 Material and Methods
4.3.1 Sampling sites
In conjunction with the U.S. Geological Survey DISCOVRE project (Diversity,
Systematics, and Connectivity of Vulnerable Reef Ecosystems), coral samples were
collected by participating in two cruises designed to explore the ecology of Lophelia
reefs in U.S. territorial waters. Two sites were sampled in the Atlantic using the
submersible Johnson-Sea-Link II in 2009. Six sites were sampled in the Gulf of Mexico
using the ROV Kraken II from University of Connecticut in 2010. Three of those sites
were in the northern Gulf of Mexico off the coast of Louisiana and three on the West
Florida Slope, and a total of eight collections with fungal samples were obtained. Site
data are compiled in Table 4.1 and Figure 4.1.
Table 4.1. Lophelia pertusa collection sites and corresponding environmental data.
Dive #

Site

Latitude

Longitude

ATL-1
ATL-2

Fungal
Isolates
2
2

2009
Atlantic

3705
3712

2010
Gulf of
Mexico

ROV-04
ROV-05
ROV-06
ROV-02
ROV-07
ROV-08
ROV-09
ROV-10
ROV-11

28 46.306
28 19.920

VK 862
VK 906
VK 906
VK 826
WFS 1
WFS 1
WFS 1
WFS 2
WFS 3

0
0
0
2
5
2
4
5
5

29 06.2439
29 04.387
29 04.387
29 10.2162
26 12.4453
26 11.8795
26 12.2859
26 20.134
26 24.335
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79 37.0243
79 45.4957

Depth
(m)
777
438

Temp
(*C)
7.4
7.0

Salinity
(psu)
34.9
34.9

88 23.0499
88 22.832
88 22.832
88 00.7921
84 43.625
84 43.9404
84 43.9103
84 45.670
84 46.818

317
470
393
490
504
537
543
524
509

12.4
8.7
11.2
8.6
8.9
8.3
8.4
8.2
8.4

35.5
35.0
35.4
35.0
35.0
34.1
35.0
35.0
35.0

Figure 4.1. Map of Lophelia collection sites in the Gulf of Mexico and western Atlantic
Ocean. Dive sites are marked with yellow triangles. The size of the circles represents the
total number of isolates collected at each site, while the blue and red sections represent
the percentage of ascomycete and basidiomycete isolates, respectively. No fungal isolates
were obtained from sites VK862/906.
4.3.2 Fungal Isolation
In order to retrieve the Atlantic samples of L. pertusa without exposing them to
extreme temperature gradients, the Kellogg sampler was used to maintain individual coral
branches in separate, insulated compartments (see Kellogg et al., 2009 for full
description). A similar method was used for the Gulf samples, with individual containers
sealed after each collection to eliminate cross-contamination.
Samples were processed immediately after the dive. Using sterile techniques, a
homogenate of coral tissue, mucus, and skeleton was plated onto various media. For
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Atlantic collections, only Orange Serum Agar (BBL™) was used. For Gulf of Mexico
collections, four types of media promoted fungal growth. OSA refers to Orange Serum
Agar. FVU is Fell and Van Uden agar (2% glucose, 1% peptone, 0.5% Yeast Extract, 2%
agar, pH adjusted to 4.5 with lactic acid, 10 mg chloretetracycline HCl, 2 mg
chloramphenicol, 2 mg streptomycin sulfate added to 1 L) (Fell & van Uden, 1963). FBM
is BBL™ Mycophil™ Agar with Low pH. FRB is Oxoid™ Rose-Bengal Agar with
chloramphenicol base, with Chloramphenicol Selective Supplement added according to
manufacturer’s directions. Plates were incubated in the dark at 4-10ºC for 3-5 months,
with colonies picked as they appeared.
4.3.3 DNA Extraction and Amplification
DNA from each isolate was extracted using the Powersoil DNA Isolation Kit
(MoBio Laboratories, Inc., Solana Beach, CA). Manufacturer protocols were followed
with the addition of the alternative lysis method, involving two 5-minute incubations at
70°C separated by a 3-4 second vortex. The 4°C incubation was increased from 5 minutes
to 8-10 minutes. Amplifications of the 18S (small subunit) and ITS regions of the rRNA
gene were used to identify the isolates. All PCR reactions were performed in 25 µl
reaction volumes containing 12.5 µl of Amplitaq Gold® 360 Master Mix, 9.5 µl of DI
water, 0.5 µl of each primer and 2 µl of template. Primers for the 18S region were NS1
(5’-GTAGTCATATGCTTGTCTC) and NS8 (5’-TCCGCAGGTTCACCTACGGA)
(White et al., 1990) and primers for the ITS regions were ITS1 (5’TCCGTAGGTGAACCTGCGG) AND ITS4 (5’-TCCTCCGCTTATTGATATGC)
(White et al., 1990). Thermal cycling conditions were 15 minutes at 95°C; 35 cycles of 1
minute at 95°C, 1 minute at 50°C and 2 minutes at 72°C; and 10 minutes at 72°C for a
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final extension, ending with a 4°C hold. Product was run on a 1% agarose gel and
purified directly from the gel via the Qiagen QIAquick Gel Extraction Kit (Valencia, CA,
USA). DNA was cloned using a Qiagen PCR Cloning Kit (Valencia, CA, USA). Clone
inserts were amplified using M13 primers and sequenced by Northwoods DNA Inc.
(Solway, MN, USA). GenBank Accession numbers for ITS sequences range from
JN383886-JN383910, and 18S sequences range from JN571439-JN571463.
4.3.4 Phylogenetic Analysis
Partial 18S and ITS region 1 and 2 rRNA gene sequences were analyzed using the
base-calling software Phred (Ewing et al., 1998a; Ewing & Green, 1998b) to assess
quality scores. The online program Greengenes (DeSantis et al., 2006) was used to trim
sequences based on their quality scores. BLASTn was used to match sequences to the
GenBank database (Altschul et al., 1990). Fungal sequences were aligned using Clustal
W in MEGA 5.0 (Tamura et al., 2011) along with phylogenetic anchor sequences
obtained from the GenBank BLASTn matches (Altschul et al., 1990) and rooted with a
fungal outgroup. Phylogenetic trees of 18S and ITS sequences were created using the
neighbor-joining method with bootstrap values >50% shown (Figure 4.2a, b).
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Figure 4.2. Phylogenetic tree of 18S and ITS rDNA sequences from fungal isolates
constructed using MEGA 4.0 and the neighbor-joining method, with bootstrap values less
than 50% not shown. Based on alignments with Clustal W using sequences >500 bp.
Highlighted samples were tested using Biolog Filamentous Fungi plates to determine
metabolic capabilities.
a) 18S alignment. Tree was rooted using the outgroup Rhizopus stolonifer (GenBank
Accession AY625075).
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Figure 4.2. (continued)
b) ITS Alignment. Tree was rooted using the outgroup Rhizopus stolonifer (GenBank
Accession AB250176).
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Basidiomycota

Sporidiobolus salmonicolor strain ATCC MYA-4550 (FJ914884)
3712K3Lp0SAB-01

94

86

Sporidiobolus johnsonii strain JCM 1840 (AB030336)
ROV11Q1FRB-02

4.3.5 Carbon Source Utilization Patterns
Biolog! Filamentous Fungi plates were chosen to test carbon source utilization,
inoculated according to manufacturer’s instructions. Biolog plates consist of 96 wells
with each containing a single carbon source, and one containing only water as a negative
control. The plates were incubated at 4°C and read every 24 hours up to 144 hours using
a Biolog Microstation plate reader with filters set to read at 490 nm and 750 nm. The 750
nm filter measures the absorbance of the fungal hyphae, while the 490 nm filter measures
absorbance of filaments and the irreversible color change by the reduction of the
iodonitrotetrazolium dye in each well of the Biolog plate (Kubicek et al., 2003). To
remove the effect of filament and cell wall density and look solely at metabolism of the
carbon source (as measured by the color development from the reduction of the dye),
absorbance readings at 750 nm were subtracted from 490 nm (Kubicek et al., 2003). T0
readings were subtracted from T144, and any absorbance above 0.1 was considered
positive. The carbon sources used by the different fungal isolates were recorded and
sorted into general categories (Figure 4.3a; Supplementary Table A.1, Appendix A). Each
Biolog test of fungal isolates was run in triplicate and results presented are averages of
these data.
All final Biolog absorbance readings were combined into one data set, and the
average and standard deviation were calculated. The average final absorbance was 0.07
with a range of 0.000-1.088, and the data were not normally distributed. All wells with an
absorbance reading in the top 3% of readings (absorbance of 0.254 or higher, n=45) were
broken down into individual day readings to investigate metabolism rates of these highgrowth carbon sources (Figure 4.4).
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Figure 4.3
a) Use of available carbon sources by fungal genera. Individual carbon sources have been
grouped into larger categories based on their chemical structures and are represented as a
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percent of the total carbon sources metabolized by the fungal genera. Percentages based
on the number of positive wells (!0.100 absorbance) from that genus.
b) Comparison of the types of carbon sources that were metabolized by all fungal isolates
and those isolates with a final absorbance of !0.254. Carbon sources with higher
percentages of High Growth isolates were substrates that supported a disproportionate
amount of dense fungal growth.
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Figure 4.4. Growth curves of high-growth carbon sources. These high-growth wells
(absorbance !0.254) demonstrate the rate of growth of the fungal isolates on different
carbon sources. Gray lines are the subset of glycerol substrates that were metabolized at
an extremely high rate, occurring only among Nectria/Acremonium spp.
4.4 Results
4.4.1 Phylogenetic Diversity
Figure 4.1 shows gross phylogenetic diversity of fungi isolated from coral
samples across the different L. pertusa reef sites. There was no statistical correlation
between the phylogeny of fungi isolated and their isolation media or site. Both
ascomycetes and basidiomycetes were isolated, in yeast and filamentous forms (Figure
4.2a, b), representing the fungal subkingdom Dikarya. Phylogenetic trees based on the
18S rDNA phylogenies were used to determine more distant phylogenetic relationships
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between isolates, while the ITS region of fungal rDNA were used to determine close
relationships between strains (Seifert et al., 1995).
The phylogenetic tree of 18S rRNA gene sequences from this study and related
sequences found in GenBank (Figure 4.2a) did not have any deeply-branching clades,
suggesting that these 18S sequences are closely related at higher taxonomic levels. Fungi
that were isolated from different sites and on different media grouped together throughout
the tree, indicating they were closely related at the genus level.
ITS sequences from isolates recovered at different sites grouped closely together
(e.g., Figure 4.2b ROV10Q4-FVU-05 and ROV07Q3-FBM-02, isolated from two
different sites on the West Florida Slope and on two different media), indicating some
level of homogeneity in the fungal species associated with L. pertusa. Figure 4.2b also
reveals that the same genus may be spread into several distinct branches (e.g., the
Rhodosporidium spp. and Rhodotorula spp., the same genus with different names for
fungal and yeast morphologies, form three separate clades). Sporidiobolus spp.
(ROV11Q1-FRB-02 and 3712K3Lp-OSAB-01) were the only group in common between
Atlantic and Gulf of Mexico sites; however, they fall in separate branches of the
Sporidiobolus clade. A Cryptococcus sp. was cultured from both Atlantic sites (identical
18S rRNA gene sequences, so only one is shown in the phylogenetic trees), but not from
any Gulf of Mexico sites. Only basidiomycetes were recovered from the Atlantic sites,
although this is most likely due to the limited isolation media used during that research
cruise. More phylogenetic diversity was seen amongst the ascomycete fungal isolates,
with deeply branching clades. As with the basidiomycetes, isolates from different sites
and isolation media can be found within the same clade (e.g., the Acremonium/Nectria
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spp. clade; Figure 4.2b). Isolates clustering with Nectria sp. and Acremonium sp. are most
likely the same species, as they refer to the sexual/asexual life cycles of a single fungus
(Samuels, 1976; Glenn et al., 1996).
4.4.2 Final Biolog Readings
A subset of 14 of the fungal isolates cultured from L. pertusa were assayed using
Biolog Filamentous Fungi plates to determine which carbon sources the isolates could
metabolize. Of all the averaged Biolog readings for the 14 tested fungal isolates, four
isolates had no positive wells indicating that they did not oxidize any of the provided
carbon sources (ROV09Q2-FVU-01, a Glomerella sp.; ROV11Q1-FRB-01 a Geomyces
sp.; ROV09Q1-FVU-02, a Rhodosporidium sp.; and ROV02Q2-OSA-02, an Exophiala
sp.; with identities based on ITS sequences) (Supplementary Table A.1).
The other fungal isolates were able to oxidize a variety of carbon sources, ranging
from 8.3-66.7% of the 96 substrates after the triplicate plates were averaged
(Supplementary Table A.1). The carbon sources oxidized by the different fungal genera
were separated into categories to distinguish which carbon sources were most
metabolically labile (Figure 4.3a). Carbohydrates, carboxylic acids, and amino acids were
most commonly oxidized by the isolates. The remaining carbon source categories were
not used by all genera. The Nectria/Acremonium spp. (n=4; a fifth isolate did not grow on
any provided substrates) had positive readings in the negative control well (water only).
As discussed in Druzhinina et al. (2006), this may be attributed either to the fungal cells
using nutrient reserves contained within the cells or metabolism of the gel used to
stabilize the dye and substrates within the Biolog plate. Evidence of active metabolism in
the negative control was only observed for this genus of fungal isolates.
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Comparison of compounds found in L. pertusa mucus from a Norwegian reef and
those metabolized by the fungal isolates in this study showed overlap of amino acids and
other sugars (Table 4.2). The number of isolates metabolizing the mucus carbon sources
ranged from a high of 10 of the 14 isolates (71%) growing on glucose, to a single isolate
(7%) consuming "-Aminobutyric acid (GABA).
Table 4.2. Components of L. pertusa mucus and the number of fungal isolates out of the
14 tested using Biolog Filamentous Fungi plates that were able to metabolize the carbon
compounds.
Lophelia Mucus
Components

Amino Acids

Asparginine
Glucose
Serine
Glycine
Threonine
Arginine
Alanine
Valine
Phenylalanine
Isoleucine
Lysine
Histidine
Tyrosine
GABA

C6 sugars,
Deoxysugars,
Amino sugars,
C5 sugars

Fucose
Xylose
Mannose
Galactose
N-acetylglucosamine

Fungal isolates that
metabolized this
carbon source
5 (36%)
10 (71%)
4 (29%)
0 (0%)
2 (14%)
0 (0%)
5 (36%)
0 (0%)
7 (50%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
1 (7%)
0 (0%)
2 (14%)
9 (64%)
4 (29%)
5 (36%)

4.4.3 Daily Biolog Readings
All averaged final readings of the Biolog plates were combined, and the mean
(0.072), median (0.039), and standard deviation (0.091) were calculated. The number of
carbon sources with final absorbance readings more than two standard deviations above
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the mean (!0.254) were classified as “high-growth” (n= 45, 3.1% of all wells). The highgrowth subset of carbon sources were broken down by type to determine whether any
were over-represented compared to the positive wells (Figure 4.3b). While there was
general agreement between the percentage of positives and percentage of positives that
were high-growth, it is notable that alcohols (specifically glycerol) accounted for 2.4% of
positive wells, but 11.4% of high-growth wells. This indicates that glycerol is a highly
labile carbon compound, easily metabolized for growth by the ascomycete genus
Acremonium/Nectria.
The high-growth wells for each fungal isolate were investigated more closely by
graphing the daily absorbance readings to determine how quickly the substrates were
metabolized (Figure 4.4). All of the glycerol high-growth wells had similar trends in rate
of metabolism (gray lines in Figure 4.4), with a linear increase and high slope over the
144 hours of the experiment.
4.5 Discussion
4.5.1 Isolation of Fungi
There was no correlation between the types of fungi isolated at different sampling
sites, depths, or isolation media. The patchy distribution of fungi isolated from L. pertusa
is most likely due to the heterogeneous sampling methods – only one or two polyps from
each sample were crushed into a slurry and plated on the various media types. Previous
work with corals has demonstrated that there are spatial variations of the microbial
communities along a coral branch or even between polyps (Rohwer et al., 2002; Hansson
et al., 2009). A better sampling technique might be to homogenize a larger portion of
coral branch and culture subsets of that.
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The limited phylotypes of fungi isolated from the Atlantic L. pertusa reef sites can
be attributed to the fact that only one media type was used that is conducive to fungal
rather than bacterial growth. With additional fungal media designed to inhibit bacterial
growth, many more species of fungi were isolated in the Gulf of Mexico. However, these
results represent only a glimpse of fungal diversity associated with L. pertusa because of
the limited nature of culturing. The Great Plate Count Anomaly has shown that with
current culture techniques, between 0.1-1% of bacteria can be cultured in laboratory
conditions (Staley & Konopka, 1985); a similarly sized subset of fungi could conceivably
be cultured (Raghukumar, 2006). While culturing these isolates provided valuable insight
into their metabolic capabilities, culture independent techniques should also be used to
determine diversity. PCR with fungal-specific 18S rRNA gene primers on DNA
extractions from L. pertusa samples have been attempted with limited success (Kellogg,
2008). A single Acremonium sp. phylotype was identified, but most of the amplified
products were L. pertusa ribosomal DNA. No other genetic data on fungi found
associated with L. pertusa has been published thus far.
4.5.2 Fungal Phylogeny
The 18S phylogenetic tree constructed from partial 18S rRNA sequences from
fungi isolated in this study and their top GenBank matches was used to determine more
distant phylogenetic relationships between the isolates (Figure 4.2a). Two main clades
were found, roughly corresponding to Basidiomycota and Ascomycota. However, the
basidiomycetous Cryptococcus spp. formed a branch that grouped more closely with the
ascomycetes. This branch is not very well supported by bootstrap values (57%), and is
the most remote branch within the larger ascomycete clade. The same errant grouping of
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Cryptococcus spp. with the ascomycetes was exhibited by cultured yeasts from
hydrothermal vents (Burgaud et al., 2010), and the phylogenetic tree constructed by
Nagahama et al. (2011) from methane-seep fungi showed a clade of Agaricomycotina
that was polyphyletic in order to include the Cryptococcus spp. These results demonstrate
that some deep-sea Cryptococcus spp. don’t group phylogenetically with their traditional
taxonomic classification. The Cryptococcus clade in the ITS rRNA gene phylogeny
(Figure 4.2b) grouped appropriately with the basidiomycetes and was well supported by
high bootstrap values.
While ITS sequences are widely used to determine relationships between closely
related fungal species, issues have been raised with ITS effectiveness in differentiating
small-scale variability (Gazis et al., 2011). Multilocus phylogenies provide highly
detailed trees that correspond with the sampling sources, whereas ITS phylogenetic trees
mask some diversity (Gazis et al., 2011; Vralstad, 2011). Because of the exploratory
nature of this study, ITS phylogenies were deemed comprehensive enough to identify the
fungal isolates. Multilocus phylogenies may be applied in the future to determine if the
true microdiversity of some tightly grouped isolates from different sites was not detected.
The fungi cultured from these deep-sea reefs were often closely related to
terrestrial species (e.g., HM016899 Acremonium strictum strain 27 isolated from a
domestic dog in China; GU166489 Geomyces sp. AR 2009f from soil). Damare et al.
(2006) suggest that many fungi may be transported to the deep-sea either as spores or
hyphae associated with terrestrial organics. Because L. pertusa relies on particulate
organic matter for its nutrition, these large reef formations only form in areas of elevated
down-welling of surface detritus (Freiwald et al., 2004). The reef sites are also commonly
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found on the continental shelf break, relatively close to land (Figure 4.1). This supports
the hypothesis that some of the fungal isolates may have originated from terrestrial
sources. However, all fungal genera isolated in this study have been found previously in a
variety of marine environments worldwide (e.g., Burgaud et al., 2009; Connell et al.,
2009; Menezes et al., 2009; Singh et al., 2010), and all grew well in low temperature
culture conditions.
4.5.3 Functional Role of Fungi
The potential function of fungi in association with L. pertusa could fall anywhere
along the symbiotic continuum (mutualism, commensalism, or parasitism). Many
examples of mutualistic associations between fungi and other eukaryotes can be found,
with the fungi performing a range of roles: acting as beneficial saprophytes to break
down recalcitrant carbon sources (Saldajeno et al., 2008), secreting protective
compounds as a defense (Bugni & Ireland, 2004; Corrado & Rodrigues, 2004; Bhadury et
al., 2006), or absorbing nutrients that are translocated to the host (Strack et al., 2003).
The fungi could also have a commensal lifestyle, using the coral as merely a substrate or
metabolizing the coral mucus that is continually secreted.
A final possibility exists that these fungi represent potential pathogens to the
coral. While no disease has ever been documented in L. pertusa (based on direct
observations via submersible, ROV videos and pictures), it is possible that patchy
sampling could miss disease outbreaks. A study by Van Dover et al. (2007) showed
convincing evidence of a fungal disease outbreak among hydrothermal vent mussels. In
coral microbiology, it has been demonstrated that bacterial community members found
on healthy corals may become pathogenic if conditions shift to increase stress on the
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coral (Bourne & Munn, 2005; Kline et al., 2006). It is possible that this extends to fungal
members of the microbiota, with fungi acting as pathogens if the balance of the system
has been disturbed.
4.5.4 Lophelia Mucus Composition
The composition of L. pertusa mucus has been investigated in several studies
(Wild et al., 2008; Wild et al., 2010; Wagner et al., 2011), showing overlap between
mucus components and the carbon sources used by fungal isolates in this study. Wild et
al. (2010) found disparity in the mucus composition secreted by L. pertusa colonies on
two different reefs, hypothesizing that this could be explained by the different
environmental conditions (i.e., variable downwelling, surface productivity, currents).
Changes in mucus composition could have an effect on the microbial community
members that depend on a single carbon source, whereas those with metabolic pathways
capable of breaking down multiple carbon sources could be flexible enough to deal with
changing conditions.
Of the amino acids present in L. pertusa mucus on Tisler Reef, 50% were used by
at least one fungal isolate in this study (Table 4.2). Glucose and mannose were the most
widely metabolized carbon sources by the fungal isolates. In addition to breaking down
coral mucus and waste products, it is possible that the fungi are breaking down
particulate organic matter (POM) that is being transported through the reef. This would
explain the ability to break down additional carbon types (i.e., polymers, carboxylic
acids). A study of POM around deep-sea coral mounds showed higher concentration of
“fresh” or labile lipids, composed of phyto- and zooplankton detritus, providing ample
complex carbon sources for the fungal isolates to metabolize (Kiriakoulakis et al., 2004).
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The quality of POM changed depending on the current direction, with higher quality
POM found downstream from some reefs (Wagner et al., 2011). This indicates that the
reefs are exposed to and metabolize degraded carbon sources, releasing labile organic
matter that is swept downstream.
This study is the first report on fungi cultured from the cold-water coral L.
pertusa, discussing both phylogenetics and metabolic capabilities of the isolates. There
has been one previous published report identifying a fungal sequence associated with L.
pertusa (Kellogg, 2008), and only one other report of fungi cultured from any deep-sea
coral (an unidentified soft coral, Burgaud et al., 2010). Culture-based methods were used
to select for fungal growth, allowing a detailed investigation into their physiology and
potential role within the coral microbial community. L. pertusa reefs are a unique coral
environment and investigations into the microbial associates, including microeukaryotes,
contribute to an understanding of how these critically important habitats function.
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5. Conclusions

This body of work represents an effort to determine the phylogeny and function of
microbes associated with the cold-water coral Lophelia pertusa, using combinations of
molecular genetics, culturing, and physiological assays. These methods were used in
tandem to gain both a broad overview of the diversity and a deeper understanding of the
functional and metabolic roles the microorganisms may fulfill as part of the coral
microbial community. Special effort was made to combine culture-independent and dependent methods, acknowledging the limitations and advantages of both.
5.1 Research Overview
Chapter Two is primarily a methods paper, uncovering problems with a widelyused primer combination that should be specific to bacteria, but instead also amplifies
ribosomal RNA genes within the eukaryotic domain, specifically the order Scleractinia.
Improper attachment and amplification by promiscuous primers is time-consuming and
expensive for sequencing experiments, where researchers must sequence more clones to
get an adequate number of true bacterial sequences. However, it poses a major problem to
researchers who are using culture-independent techniques without sequencing (i.e.,
DGGE, RFLP), increasing the risk of falsely identifying banding patterns in gels as
bacterial 16S rRNA genes only. The journal article published from this work warned
coral microbiologists about the non-specificity of a primer set previously considered
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highly specific, and suggested an alternate primer set. While further testing showed that
the alternate primer set wasn’t recovering equal diversity of 16S rRNA genes as the
original set, it had the notable property of amplifying a shorter piece of coral DNA,
allowing for a quick visual check for any coral DNA amplification instead of costly
sequencing. After publication of these findings, other research groups have begun using a
similar primer set that employs the same forward primer (e.g., Littman et al., 2009;
Littman et al., 2010; Ceh et al., 2011).
Chapter Three used bacterial isolates cultured from multiple colonies of L.
pertusa on several sites and over two years to look more closely at genetic and functional
diversity. This study attempted to answer (a) whether the genetic diversity of bacterial
communities assessed by 16S rRNA gene accurately measured the environmental
microdiversity of bacteria; (b) if using physiological classification based on profiles of
antibiotic resistance showed equivalent diversity of bacteria; and (c) if patterns of
antibiotic resistance could be used to examine potential function of the bacteria within the
microbial community. The phylogenetic diversity of cultured bacteria was low, with most
identified as Gammaproteobacteria, although this is probably due to the general media
used for culturing. Testing the bacterial isolates’ susceptibility to a range of six
antibiotics demonstrated that isolates that were classified as identical based on their 16S
rRNA genes displayed differences in antibiotic susceptibility. The antibiotics chosen
were based on a similar study of shallow-water coral microbes (Lampert et al., 2006),
and affect a wide range of cellular functions. The majority of microbes were resistant to
three or more of the tested antibiotics. The compounds classified by clinicians as
antibiotics that are produced by bacteria in situ may be signaling molecules in the natural
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environment (Davies et al., 2006; Yim et al., 2007). Microbes associated with L. pertusa
live in a dynamic and complex surface environment, and being resistant to the negative
effects of the antibiotics while still being able to sense them might assist in cell-to-cell
signaling.
Chapter Four focused on the underexplored phylum of Fungi in the microbial
community associated with L. pertusa. Fungi have been cultured and sequenced from
shallow-water corals and deep-sea environments (e.g., Campion-Alsumard et al., 1995b;
Domart-Coulon et al., 2004; Damare et al., 2006; Wegley et al., 2007; Yarden et al.,
2007; Connell et al., 2009; Burgaud et al., 2010; Singh et al., 2010), but only a single
report was found of a fungal sequence obtained from L. pertusa (Kellogg, 2008). Using
culture media that inhibited or prevented the growth of bacteria, the first fungi were
cultured from L. pertusa colonies in the Gulf of Mexico and the western Atlantic. A
mixture of yeasts and filamentous isolates from the Ascomycetes and Basidiomycetes
were identified and metabolic testing was performed. Results showed that the cultured
fungi were capable of metabolizing a wide range of carbon sources, including a set of
amino acids that have been found in L. pertusa mucus (Wild et al., 2004; Wild et al.,
2010; Wagner et al., 2011). While only a first step, this work opens the door to further
investigation of fungi associated with L. pertusa, as well as beginning to place the
microbes in context of their function within the larger microbial community.
The topics covered by this dissertation reveal that there is a dynamic and
interactive microbial community associated with the cold-water coral Lophelia pertusa,
supporting results from other studies on L. pertusa and its habitat (e.g., Yakimov et al.,
2006; Neulinger et al., 2008; Hansson et al., 2009; Kellogg et al., 2009; Neulinger et al.,
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2009; Schöttner et al., 2009), shallow-water corals (e.g., Bentis et al., 2000; Rohwer et
al., 2001; Rohwer et al., 2002; Knowlton & Rohwer, 2003; Wegley et al., 2007; Vega
Thurber et al., 2009), and deep-sea sediments (Singh et al., 2010). In a larger context, the
work presented as part of this dissertation has played a role in expanding the knowledge
of cultured associates of L. pertusa, as well as the larger realm of coral microbiology.
Culturing microbes is an often-overlooked method of studying function, as many
scientists switch to genomics-only approaches. While it is readily acknowledged that
cultured microbes only represent a fraction of those active in situ, isolation and
physiological, biochemical, and metabolic testing on the isolates can provide a wealth of
knowledge about the function of the whole community.
5.2 Future Work
Work on the microbes associated with L. pertusa continues, including classifying
cultured bacteria isolated on specialized media to obtain more diverse representatives and
deep-sequencing the 16S rRNA genes to pull out a better view of diversity. These
microbes form the basis of complex interactions between corals, invertebrates, and fish
allowing L. pertusa reefs to prosper and create significant structures in cold and deep
waters. Understanding the microbial ecology of L. pertusa corals and reefs provides an
essential baseline for future work understanding and conserving these vital habitats.
Metagenomic analysis allows a broader view of available genetic information of
the coral-associated microbiota. Instead of focusing on a single gene within a pathway or
identifying individual microbes by their 16S and 18S rRNA genes, the entirety of the
genetic potential in the community can be observed. Previous metagenomic studies of
corals have all focused on zooxanthellate scleractinian corals from the Atlantic and
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Pacific Oceans (e.g., Wegley et al., 2007; Marhaver et al., 2008; Vega Thurber et al.,
2008; Vega Thurber et al., 2009; Littman et al., 2011).
Two L. pertusa samples, one each from the Gulf of Mexico and the western
Atlantic, have been pyrosequenced to examine their metagenomes. This deep sequencing
has revealed rare community members that have not been found using PCR (e.g., archaea
and many fungal phyla). Two samples will not allow us to draw comparisons between the
ocean basins due to lack of replicates, so the focus of this data analysis was on combining
the data to create a first look at the diversity of organisms within the L. pertusa microbial
community and their functional capacity. Preliminary results are presented in Appendix
B.
5.3 References Cited
Bentis CJ, Kaufman L & Golubic S (2000) Endolithic fungi in reef-building corals
(Order: Scleractinia) are common, cosmopolitan, and potentially pathogenic. Biol.
Bull 198: 254-260.
Burgaud G, Arzur D, Durand L, Cambon-Bonavita M-A & Barbier G (2010) Marine
culturable yeasts in deep-sea hydrothermal vents: species richness and association
with fauna. FEMS Microbiol Ecol 73: 121-133.
Campion-Alsumard TL, Golubic S & Priess K (1995b) Fungi in corals: symbiosis or
disease? Interactions between polyps and fungi causes pearl-like skeleton
biomineralization. Mar. Ecol. Prog. Ser. 117: 137-147.
Ceh J, van Keulen M & Bourne DG (2011) Coral-associated bacterial communities on
Ningaloo Reef, Western Australia. ISME J. 75.
Connell L, Barrett A, Templeton A & Staudigel H (2009) Fungal diversity associated
with an active deep sea volcano: Vailulu'u, Samoa. Geomicrobiol J. 26: 597-605.
Damare S, Raghukumar C & Raghukumar S (2006) Fungi in deep-sea sediments of the
Central Indian Basin. Deep-Sea Res. I 53: 14-27.
Davies J, Spiegelman GB & Yim G (2006) The world of subinhibitory antibiotic
concentrations. Curr. Op. Microbiol 9: 445-453.

105

Domart-Coulon IJ, Sinclair CS, Hill RT, Tambutte S, Puverel S & Ostrander GK (2004)
A basidiomycete isolated from the skeleton of Pocillopora damicornis
(Scleractinia) selectively stimulates short-term survival of coral skeletogenic
cells. Marine Biology 144: 583-592.
Hansson L, Agis M, Maier C & Weinbauer MG (2009) Community composition of
bacteria associated with cold-water coral Madrepora oculata: within and between
colony variability. Mar. Ecol. Prog. Ser. 397: 89-102.
Kellogg CA (2008) Microbial ecology of Lophelia pertusa in the northern Gulf of
Mexico. (Sulak KJ, Randall M, Luke KE, Norem AD & Miller JM, ed.), p.
Kellogg CA, Lisle J & Galkiewicz JP (2009) Culture-independent characterization of
bacterial communities associated with the cold-water coral Lophelia pertusa in
the northeastern Gulf of Mexico. Appl. Env. Microbiol. 75: 2294-2303.
Knowlton N & Rohwer F (2003) Multispecies microbial mutualisms on coral reefs: the
host as a habitat. Am. Nat. 162, Supplement: S51-S62.
Lampert Y, Kelman D, Dubinsky Z, Nitzan Y & Hill RT (2006) Diversity of culturable
bacteria in the mucus of the Red Sea coral Fungia scutaria. FEMS Microbiol.
Ecol. 58: 99-108.
Littman R, Willis BL & Bourne DG (2011) Metagenomic analysis of the coral holobiont
during a natural bleaching event on the Great Barrier Reef. Env. MIcrobiol.
Reports.
Littman RA, Bourne DG & Willis BL (2010) Responses of coral-associated bacterial
communities to heat stress differ with Symbiodinium type on the same coral host.
Molecular Ecology 19: 1978-1990.
Littman RA, Willis BL, Pfeffer C & Bourne DG (2009) Diversities of coral-associated
bacteria differ with location, but not species, for three acroporid corals on the
Great Barrier Reef. FEMS Microbiol. Ecol. 68: 152-163.
Marhaver KL, Edwards RA & Rohwer F (2008) Viral communities associated with
healthy and bleaching corals. Env. MIcrobiol. 10: 2277-2286.
Neulinger SC, Jarnegren J, Ludvigsen M, Lochte K & Dullo W-C (2008) Phenotypespecific bacterial communities in the cold-water coral Lophelia pertusa
(Scleractinia) and their implications for the coral's nutrition, health, and
distribution. Appl. Env. Microbiol. 74: 7272-7285.
Neulinger SC, Gartner A, Jarnegren J, Ludvigsen M, Lochte K & Dullo W-C (2009)
Tissue-associated "Candidatus Mycoplasma corallicola" and filamentous bacteria
on the cold-water coral Lophelia pertusa (Scleractinia). Appl. Env. Microbiol. 75:
1437-1444.
106

Rohwer F, Seguritan V, Azam F & Knowlton N (2002) Diversity and distribution of
coral-associated bacteria. Mar. Ecol. Prog. Ser. 243: 1-10.
Rohwer F, Breitbart M, Jara J, Azam F & Knowlton N (2001) Diversity of bacteria
associated with the Caribbean coral Montastraea franksi. Coral Reefs 20: 85-91.
Schöttner S, Hoffman F, Wild C, Rapp HT, Boetius A & Ramette A (2009) Inter- and
intra-habitat bacterial diversity associated with cold-water corals. ISME J. 1-4.
Singh P, Raghukumar C, Verma P & Shouche Y (2010) Phylogenetic diversity of
culturable fungi from the deep-sea sediments of the Central Indian Basin and their
growth characteristics. Fungal Diversity 40: 89-102.
Vega Thurber R, Willner-Hall D, Rodriguez-Mueller B, et al. (2009) Metagenomic
analysis of stressed coral holobionts. Env. Microbiol. 11.
Vega Thurber RL, Barott KL, Hall D, et al. (2008) Metagenomic analysis indicates that
stressors induce production of herpes-like viruses in the coral Porites compressa.
PNAS 105: 18413-18418.
Wagner H, Purser A, Thomsen L, Jesus CC & Lundälv T (2011) Particulate organic
matter fluxes and hydrodynamics at the Tisler cold-water coral reef. J. Mar. Sys.
85: 19-29.
Wegley L, Edwards R, Rodriguez-Brito B, Liu H & Rohwer F (2007) Metagenomic
analysis of microbial community associated with the coral Porites astreoides.
Env. Microbiol. 9: 2707-2719.
Wild C, Naumann M, Niggl W & Haas A (2010) Carbohydrate composition of mucus
released by scleractinian warm- and cold-water reef corals. Aquatic Biol. 10: 4145.
Wild C, Huettel M, Klueter A, Kremb SG, Rasheed MYM & Jorgenson BB (2004) Coral
mucus functions as an energy carrier and particle trap in the reef ecosystem.
Nature 428.
Yakimov MM, Cappello S, Crisafi E, et al. (2006) Phylogenetic survey of metabolically
active microbial communities associated with the deep-sea coral Lophelia pertusa
from the Apulian plateau, Central Mediterranean Sea. Deep-Sea Res. 53: 62-75.
Yarden O, Ainsworth TD, Roff G, Leggat W, Fine M & Hoegh-Guldberg O (2007)
Increased prevalence of ubiquitous Ascomycetes in an Acroporid coral (Acropora
formosa) exhibiting symptoms of Brown Band Syndrome and Skeletal Eroding
Band Disease. Appl. Env. Microbiol. 73: 2755-2757.
Yim G, Wang HH & Davies J (2007) Antibiotics as signalling molecules. Phil. Trans. R.
Soc. B 362: 1195-1200.
107

Appendix A.
Supplementary Material
Supplementary Figure 1

Supplementary Figure A.1. Comparison of hours of incubation and size of zones of inhibition for
all bacterial isolates tested using the Kirby-Bauer Antibiotic Susceptibility protocol. Lines of
best fit for each antibiotic used are shown, along with the r2 value. Low r2 values indicate that
incubation time had minimal effect on zone of inhibition measurements.

Table A.1. Final Biolog absorbance values for all isolates. Each number is an average of
triplicate Biolog Filamentous Fungi plates. Positives were classified as any wells !0.100
(gray), and high-growth wells are those with values !0.254 (bolded numbers).
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Carbon Source

Water
a-Cyclodextrin
Glucose-1-Phosphate
D-Mannitol
D-Ribose
y-Aminobutyric Acid (GABA)
D-Saccharic Acid
Glycyl-L-Glutamic Acid
Tween 80
B-Clyclodextrin
Glucuronamide
D-Mannose
Salicin
Bromosuccinic Acid
Sebacic Acid
L-Ornithine
N-Acetyl-D-Galactosamine
Dextrin
D-Glucuronic Acid
D-Melezitose
Sedoheptulosan
Fumaric Acid
Succinamic Acid
L-Phenylalanine
N-Acetyl-D-Glucosamine
I-Erythritol
Glycerol
D-Melibiose
D-Sorbitol
B-Hydroxybutyric Acid
Succinic Acid
L-Proline
n-Acetyl-D-Mannosamine
D-Fructose
Glycogen
a-Methyl-D-Galactoside
L-Sorbose
y-Hydroxy-butyric Acid
Succinic Acid Monomethyl Ester
L-Pyroglutamic Acid
Adonitol
L-Fucose
m-Inositol
B-Methyl-D-Galactoside
Stachyose
p-Hydroxyphenylacetic Acid
N-Acetyl-Glutamic Acid
L-Serine
Amygdalin
D-Galactose
2-Keto-D-Gluconic acid
a-Methyl-D-Glucoside
Sucrose

Carbon Type

Polymer
Phosphorylated chemical
Carbohydrate
Carbohydrate
Amino Acid
Carboxylic acid
Amino Acid
Polymer
Polymer
Amide
Carbohydrate
Aromatic chemical
Brominated chemicals
Carboxylic acid
Amino Acid
Carbohydrate
Polymer
Carboxylic acid
Carbohydrate
Carbohydrate
Carboxylic acid
Amide
Amino Acid
Carbohydrate
Carbohydrate
Alcohol
Carbohydrate
Carbohydrate
Carboxylic acid
Carboxylic acid
Amino Acid
Amino Acid
Carbohydrate
Polymer
Carbohydrate
Carbohydrate
Carboxylic acid
Ester
Amino Acid
Carbohydrate
Carbohydrate
Carbohydrate
Aromatic chemical
Carbohydrate
Carboxylic acid
Carboxylic acid
Amino Acid
Aromatic chemical
Carbohydrate
Carboxylic acid
Carbohydrate
Carbohydrate

3712K3Lp- 3705k9Lp- ROV07Q3 ROV09Q2 ROV10Q4 ROV11Q1 ROV11Q1 ROV11Q2 ROV07Q1 ROV08Q4 ROV09Q1 ROV10 Q2 ROV11Q2 ROV02Q2
OSAB-01 OSAB-02
FVU-04
FVU-01
FVU-05
FRB-01
FRB-02
FVU-01
FBM-04
FRB-03
FVU-02
FRB-03
FVU-02
OSA-02
0.016
0.041
0.144
0.038
0.042
0.015
0.012
0.165
0.037
0.085
0.011
0.139
0.111
0.022
0.034
0.047
0.061
0.049
0.055
0.061
0.049
0.061
0.037
0.065
0.032
0.057
0.103
0.066
0.020
0.060
0.181
0.046
0.083
0.023
0.103
0.204
0.043
0.168
0.072
0.175
0.183
0.025
0.375
0.137
0.192
0.048
0.094
0.015
0.102
0.174
0.037
0.075
0.033
0.106
0.096
0.026
0.076
0.087
0.029
0.028
0.044
0.002
0.016
0.032
0.009
0.012
0.008
0.003
0.017
0.020
0.029
0.193
0.039
0.032
0.056
0.011
0.005
0.027
0.089
0.025
0.015
0.014
0.023
0.029
0.044
0.074
0.088
0.037
0.027
0.015
0.012
0.083
0.024
0.034
0.022
0.043
0.057
0.023
0.015
0.045
0.070
0.032
0.022
0.008
0.004
0.061
0.020
0.020
0.011
0.033
0.035
0.018
0.043
0.183
0.203
0.086
0.156
0.022
0.036
0.235
0.197
0.176
0.067
0.210
0.234
0.059
0.030
0.054
0.053
0.025
0.037
0.039
0.018
0.050
0.034
0.066
0.017
0.055
0.068
0.034
0.020
0.031
0.032
0.007
0.008
0.014
0.006
0.016
0.006
0.019
0.013
0.017
0.044
0.021
0.387
0.363
0.235
0.041
0.089
0.014
0.126
0.219
0.164
0.172
0.067
0.243
0.209
0.063
0.034
0.300
0.112
0.040
0.040
0.019
0.027
0.107
0.026
0.133
0.029
0.107
0.121
0.026
0.029
0.131
0.028
0.020
0.012
0.016
0.005
0.011
0.048
0.015
0.061
0.010
0.019
0.028
0.035
0.034
0.025
0.010
0.024
0.013
0.008
0.013
0.042
0.019
0.009
0.015
0.017
0.026
0.022
0.043
0.154
0.034
0.038
0.013
0.016
0.148
0.040
0.054
0.017
0.089
0.097
0.025
0.032
0.055
0.120
0.034
0.025
0.016
0.007
0.113
0.030
0.065
0.008
0.087
0.086
0.019
0.039
0.296
0.069
0.030
0.066
0.020
0.046
0.053
0.041
0.048
0.043
0.056
0.071
0.055
0.016
0.388
0.104
0.023
0.012
0.012
0.007
0.078
0.020
0.034
0.009
0.051
0.084
0.020
0.016
0.373
0.218
0.043
0.028
0.010
0.008
0.234
0.030
0.133
0.012
0.194
0.136
0.034
0.013
0.037
0.177
0.029
0.018
0.008
0.008
0.185
0.019
0.109
0.003
0.159
0.136
0.058
0.058
0.520
0.037
0.022
0.013
0.009
0.006
0.015
0.137
0.016
0.016
0.012
0.024
0.028
0.066
0.083
0.027
0.013
0.014
0.014
0.005
0.009
0.050
0.021
0.008
0.011
0.022
0.045
0.026
0.048
0.178
0.035
0.107
0.020
0.185
0.158
0.095
0.150
0.019
0.143
0.146
0.025
0.015
0.048
0.217
0.034
0.024
0.018
0.007
0.211
0.028
0.138
0.011
0.252
0.146
0.025
0.027
0.048
0.213
0.028
0.035
0.009
0.008
0.187
0.028
0.080
0.007
0.143
0.220
0.037
0.051
0.067
0.782
0.040
0.091
0.016
0.010
0.930
0.111
0.760
0.073
1.088
0.998
0.071
0.013
0.043
0.151
0.040
0.019
0.012
0.005
0.125
0.020
0.085
0.007
0.113
0.121
0.016
0.200
0.259
0.146
0.027
0.057
0.009
0.073
0.147
0.028
0.079
0.023
0.143
0.152
0.024
0.027
0.049
0.022
0.008
0.014
0.004
0.007
0.007
0.026
0.013
0.008
0.008
0.016
0.030
0.088
0.432
0.081
0.025
0.025
0.013
0.005
0.067
0.166
0.013
0.031
0.062
0.072
0.044
0.016
0.253
0.049
0.032
0.109
0.012
0.005
0.071
0.285
0.020
0.019
0.039
0.036
0.025
0.011
0.042
0.128
0.031
0.027
0.016
0.006
0.134
0.028
0.071
0.012
0.132
0.098
0.021
0.381
0.337
0.196
0.046
0.096
0.002
0.111
0.169
0.172
0.117
0.036
0.193
0.164
0.037
0.029
0.072
0.223
0.041
0.032
0.010
0.008
0.232
0.029
0.183
0.023
0.182
0.206
0.027
0.009
0.041
0.148
0.040
0.028
0.004
0.005
0.127
0.026
0.097
0.008
0.130
0.113
0.013
0.040
0.041
0.130
0.005
0.046
0.002
0.020
0.101
0.092
0.085
0.011
0.128
0.121
0.048
0.147
0.054
0.129
0.018
0.064
0.013
0.006
0.124
0.083
0.138
0.027
0.104
0.125
0.041
0.195
0.205
0.018
0.003
0.020
0.007
0.059
0.007
0.060
0.009
0.005
0.008
0.013
0.029
0.075
0.036
0.022
0.019
0.018
0.013
0.010
0.023
0.039
0.015
0.014
0.013
0.017
0.029
0.088
0.044
0.148
0.030
0.077
0.016
0.013
0.180
0.151
0.066
0.030
0.147
0.127
0.027
0.017
0.049
0.083
0.016
0.036
0.008
0.007
0.066
0.034
0.059
0.007
0.084
0.079
0.020
0.023
0.190
0.138
0.032
0.021
0.005
0.005
0.123
0.030
0.097
0.009
0.148
0.104
0.016
0.014
0.047
0.146
0.036
0.036
0.005
0.004
0.123
0.034
0.116
0.013
0.158
0.118
0.017
0.040
0.051
0.165
0.046
0.086
0.006
0.004
0.189
0.147
0.120
0.010
0.172
0.161
0.011
0.051
0.040
0.172
0.013
0.163
0.002
0.047
0.183
0.103
0.094
0.010
0.172
0.238
0.027
0.016
0.040
0.035
0.019
0.006
0.000
0.006
0.023
0.000
0.013
0.006
0.015
0.025
0.022
0.018
0.056
0.168
0.043
0.051
0.015
0.009
0.163
0.058
0.047
0.017
0.117
0.115
0.024
0.019
0.101
0.177
0.042
0.077
0.018
0.042
0.200
0.031
0.136
0.019
0.284
0.271
0.032
0.050
0.064
0.133
0.044
0.046
0.006
0.020
0.122
0.089
0.075
0.023
0.124
0.110
0.024
0.030
0.454
0.048
0.029
0.112
0.006
0.003
0.030
0.525
0.032
0.010
0.022
0.046
0.034
0.014
0.257
0.141
0.033
0.035
0.005
0.005
0.125
0.036
0.127
0.011
0.162
0.143
0.016
0.345
0.340
0.266
0.060
0.097
0.006
0.007
0.279
0.177
0.189
0.063
0.299
0.255
0.057
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Carboxylic acid
Amide
Amino Acid
Carbohydrate
Carboxylic acid
Carbohydrate
Carbohydrate
Carbohydrate
Carboxylic acid
Amino Acid
Amine
Carbohydrate
Carbohydrate
Carbohydrate
Carbohydrate
Carbohydrate
Carboxylic acid
Amino Acid
Amine
Carbohydrate
Carboxylic acid
Alcohol
Carbohydrate
Carbohydrate
Carboxylic acid
Amino Acid
Aromatic chemicals
Aromatic chemical
Amino Acid
Carbohydrate
Carbohydrate
Carbohydrate
Carboxylic acid
Amino Acid
Aromatic chemicals
Carbohydrate
Carbohydrate
Carbohydrate
Carbohydrate
Carbohydrate
Carboxylic acid
Amino Acid
Aromatic chemical

a-Ketoglutaric Acid
Alaninamide
L-Threonine
D-Arabinose
D-Galacturonic Acid
a-D-Lactose
B-Methyl-D-Glucoside
D-Tagatose
D-Lactic Acid Methyl Ester
L-Alanine
2-Amino Ethanol
L-Arabinose
Gentiobiose
Lactulose
Palatinose
D-Trehalose
L-Lactic Acid
L-Alanyl-Glycine
Putrescine
D-Arabitol
D-Gluconic Acid
Maltitol
D-Psicose
Turanose
D-Malic Acid
L-Asparagine
Adenosine
Arbutin
D-Glucosamine
Maltose
D-Raffinose
Xylitol
L-Malic Acid
L-Aspartic Acid
Uridine
D-Cellobiose
a-D-Glucose
Maltotriose
L-Rhamnose
D-Xylose
Quinic Acid
L-Glutamic Acid
Adenosine-5'-Monophosphate

0.288
0.020
0.018
0.044
0.013
0.018
0.013
0.024
0.028
0.034
0.027
0.049
0.011
0.013
0.022
0.319
0.035
0.027
0.020
0.213
0.059
0.014
0.057
0.019
0.032
0.025
0.009
0.078
0.022
0.013
0.140
0.013
0.047
0.024
0.019
0.015
0.484
0.025
0.013
0.103
0.040
0.024
0.052

0.211
0.039
0.060
0.064
0.068
0.054
0.268
0.051
0.038
0.070
0.039
0.212
0.299
0.049
0.313
0.328
0.053
0.051
0.125
0.063
0.068
0.237
0.117
0.288
0.062
0.122
0.046
0.248
0.026
0.301
0.175
0.048
0.104
0.228
0.043
0.248
0.366
0.314
0.177
0.329
0.235
0.260
0.081

0.139
0.172
0.142
0.060
0.017
0.128
0.128
0.103
0.174
0.171
0.086
0.068
0.152
0.112
0.131
0.183
0.036
0.130
0.171
0.185
0.066
0.115
0.199
0.149
0.036
0.138
0.172
0.075
0.156
0.118
0.231
0.150
0.042
0.051
0.182
0.197
0.242
0.191
0.149
0.097
0.110
0.071
0.127

0.048
0.037
0.030
0.033
0.004
0.045
0.046
0.038
0.030
0.038
0.020
0.042
0.034
0.047
0.044
0.036
0.015
0.035
0.033
0.030
0.023
0.026
0.039
0.028
0.016
0.034
0.024
0.028
0.017
0.044
0.057
0.045
0.027
0.023
0.030
0.036
0.056
0.050
0.043
0.042
0.035
0.026
0.031

0.100
0.023
0.045
0.050
0.007
0.017
0.058
0.021
0.026
0.043
0.036
0.059
0.022
0.013
0.029
0.062
0.013
0.029
0.030
0.065
0.032
0.019
0.052
0.016
0.012
0.039
0.018
0.091
0.023
0.028
0.116
0.027
0.021
0.044
0.038
0.046
0.108
0.064
0.036
0.071
0.037
0.058
0.051

0.015
0.003
0.017
0.011
0.003
0.003
0.007
0.003
0.008
0.005
0.012
0.009
0.004
0.005
0.005
0.004
0.005
0.005
0.018
0.016
0.011
0.008
0.009
0.008
0.009
0.012
0.000
0.019
0.016
0.012
0.009
0.012
0.024
0.015
0.016
0.014
0.015
0.016
0.014
0.010
0.013
0.013
0.016

0.094
0.010
0.012
0.011
0.004
0.000
0.001
0.008
0.010
0.006
0.019
0.019
0.007
0.004
0.005
0.131
0.005
0.006
0.027
0.094
0.008
0.008
0.038
0.007
0.007
0.007
0.010
0.088
0.005
0.008
0.006
0.006
0.007
0.008
0.015
0.013
0.125
0.011
0.010
0.037
0.104
0.008
0.017

0.128
0.165
0.129
0.042
0.004
0.107
0.138
0.091
0.134
0.148
0.067
0.053
0.150
0.105
0.112
0.215
0.017
0.129
0.149
0.160
0.048
0.091
0.183
0.176
0.018
0.117
0.141
0.038
0.109
0.106
0.225
0.160
0.035
0.034
0.150
0.175
0.198
0.166
0.142
0.081
0.076
0.046
0.113

0.075
0.010
0.046
0.047
0.070
0.017
0.161
0.021
0.024
0.060
0.026
0.048
0.038
0.019
0.022
0.143
0.011
0.059
0.022
0.053
0.040
0.015
0.064
0.016
0.020
0.101
0.013
0.257
0.001
0.023
0.142
0.019
0.130
0.149
0.031
0.031
0.155
0.061
0.024
0.032
0.467
0.123
0.019

0.015
0.168
0.074
0.019
0.005
0.083
0.138
0.058
0.156
0.211
0.018
0.028
0.062
0.063
0.089
0.148
0.013
0.085
0.152
0.085
0.016
0.059
0.150
0.098
0.012
0.031
0.092
0.064
0.099
0.061
0.152
0.075
0.014
0.009
0.114
0.075
0.152
0.124
0.101
0.063
0.041
0.024
0.020

0.021
0.007
0.021
0.013
0.009
0.009
0.057
0.007
0.012
0.018
0.014
0.020
0.054
0.009
0.012
0.053
0.012
0.045
0.010
0.026
0.030
0.013
0.009
0.004
0.013
0.010
0.000
0.024
0.009
0.032
0.012
0.006
0.021
0.011
0.012
0.041
0.062
0.036
0.014
0.022
0.059
0.018
0.012

0.040
0.161
0.081
0.017
0.003
0.116
0.169
0.062
0.100
0.290
0.055
0.023
0.095
0.095
0.120
0.236
0.010
0.133
0.140
0.143
0.038
0.084
0.206
0.132
0.011
0.088
0.120
0.061
0.153
0.094
0.200
0.098
0.012
0.026
0.127
0.124
0.213
0.159
0.082
0.043
0.074
0.033
0.049

0.068
0.173
0.068
0.038
0.005
0.105
0.125
0.079
0.113
0.145
0.077
0.042
0.094
0.102
0.119
0.180
0.015
0.121
0.082
0.113
0.056
0.089
0.153
0.105
0.023
0.112
0.060
0.066
0.094
0.083
0.146
0.096
0.024
0.039
0.111
0.106
0.155
0.136
0.072
0.051
0.100
0.050
0.055

0.024
0.023
0.025
0.024
0.011
0.011
0.020
0.011
0.016
0.024
0.032
0.036
0.023
0.014
0.013
0.051
0.018
0.027
0.034
0.024
0.024
0.015
0.027
0.017
0.016
0.025
0.000
0.024
0.023
0.023
0.031
0.030
0.022
0.023
0.022
0.030
0.056
0.037
0.029
0.050
0.030
0.024
0.024

Appendix B. Preliminary metagenomic analysis of Lophelia pertusa microbial
associates

B.1 Introduction
Identification of bacteria associated with Lophelia pertusa has gained speed over
the past few years, but the study of the function of the microbial community has lagged.
Galkiewicz & Kellogg (2008) and Galkiewicz et al., (2011) (see Chapters 3 and 4)
discuss two major groups in the L. pertusa microbiome – cultured bacteria and fungi, and
used biochemical tests to begin determining their potential roles within the microbial
community. However, the tests were specific to certain functional pathways (e.g., carbon
metabolism or antibiotic resistance). In order to learn about the total diversity of
functional genes within the system, a metagenomic approach was used. An overview of
preliminary results is presented, tying together attempts to obtain both phylogenetic and
functional data. The data presented below are preliminary and basic in their analysis of
the data generated. However, it was deemed important to include the data as an appendix
to the body of work in this dissertation to tie together the culture-based functional data
and culture-independent diversity data.
B.2 Materials and Methods
Following guidelines from Vega Thurber et al. (2009) and working with Dr. Vega
Thurber, a method was developed to separate the microbial-sized fraction of cells (~8 to
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0.22µm; including bacteria, archaea, and microeukaryotes) from L. pertusa cells. A small
piece of RNALater-preserved coral was broken off and weighed. Tissue was airbrushed
from the coral skeleton using sterilized PBSE (10X Phosphate Buffered Saline;
Ethylenediaminetetraacetic acid). The resulting slurry (approximately 15 ml) was
liquefied by repeatedly drawing through a 10 ml syringe and added to 30 ml of sterile
PBSE to dilute coral mucus. The mixture was then centrifuged at low speed to pellet any
large tissue or skeleton pieces (1,500 rcf for 15 minutes at 4°C). Twenty milliliters of the
supernatant were separated into twenty 1.7 ml microcentrifuge tubes, and centrifuged at
high speed to pellet microbes (20,000 rcf for 20 minutes at 4°C). The supernatant was
discarded and each pellet resuspended in 250 µl of sterile PBSE. Percoll fractionation
was used to separate microbial cells from the larger coral cells, by adding the
resuspended pellets on top of 1 ml 100% Percoll (GE Healthcare) cushions. Cushions
were centrifuged at 7,000 rcf for 20 minutes at 4°C, and the top 250 µl containing the
microbial fraction were removed and combined. Coral and bacterial cell separation was
confirmed by epifluorescent microscopy using 3X SYBR Gold (Invitrogen, Carlsbad,
CA, USA).
These microbial cells were concentrated onto a filter and DNA was extracted and
randomly amplified using a Genomiphi V2 amplification kit (GE Healthcare). Two
samples were chosen for the experiment, one from the western Atlantic and one from the
northern Gulf of Mexico. Both were apparently healthy at the time of collection. Roche
454 pyrosequencing of the two samples was performed by EnGenCore (University of
South Carolina) with Titanium FLX chemistry. Both samples were barcoded separately
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and run on a single plate. The resulting libraries were uploaded to MG-RAST for further
analysis and quality control.
B.3 Comparison of Metagenome Libraries
The resulting metagenome libraries from two L. pertusa samples show microbial
communities that are different from both shallow-water coral and deep seawater. A
principal component analysis comparing similarity of genes with phylogenetic
information was used to illustrate the phylogenetic relationships between the L. pertusa
libraries and other metagenomes within the MG-RAST database (Figure B.1). Work by
Delmont and colleagues (2011) has shown that metagenome libraries obtained with
varying extraction techniques and sequenced by different platforms (e.g., Illumina, 454
pyrosequencing) can still be compared, allowing researchers to judge relationships and
trends between different projects.
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L. pertusa Metagenomes
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Coral Virus Metagenomes
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Figure B.1. A Principal Component Analysis of genes with phylogenetic information in
metagenomes from L. pertusa microbes, Porites spp. microbes, Porites spp. viruses, and
oceanic/deep-sea samples. Colors denote type of metagenome, and numbers denote
libraries uploaded into MG-RAST (metagenomics.anl.gov)
Three types of comparison metagenomes were used: oceanic seawater; Porites
spp. metagenomes focusing on microbes; and Porites spp. metagenomes focusing on
viruses. The results show that the two L. pertusa samples group together, indicating that
even though differences can be seen between the two, overall they are relatively similar.
The two closest comparison metagenomes are both from an experimental study testing
how stressors affect the viral communities of Porites compressa, a shallow-water Pacific
scleractinian coral (Vega Thurber et al., 2008). Two libraries were made from each
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experimental treatment, one looking at the microbial size fraction (Vega Thurber et al.,
2009) and the second specifically targeting viruses (Vega Thurber et al., 2008). The
variables included increased temperature, decreased pH, and increased nutrients (excess
nitrate, nitrite, ammonia, and phosphate), increased dissolved organic carbon, a negative
control, and a Time Zero measurement prior to the start of the experiment.
Interestingly, although the two L. pertusa metagenomes were extracted without
special attention to the virus size fraction, they both contained an extremely high
proportion of viral sequences. The phylogenetic PCA reflected this, grouping the two
samples with coral virus metagenomes for the increased dissolved organic carbon (DOC)
treatment and the control treatment. Grouping the DOC library with the L. pertusa
libraries is logical because L. pertusa reefs form only in areas of high current and
particulate organic matter. Coral microbes (and the viruses associated with them) that are
capable of using high concentrations of DOC may be found in abundance on healthy L.
pertusa, but may be the result of a shift in the normal microbiota in zooxanthellate corals
accustomed to oligotrophic waters. Notably, the matched viral and microbial libraries for
each treatment in Vega Thurber’s experiment did not group together.
Using the same suite of metagenome libraries, a second PCA was run that
compared the functional genes from each library, focusing not on phylogeny but the
overall functional potential represented in the samples (Figure B.2). Again, the two L.
pertusa samples grouped tightly together and were most closely linked to the
experimental control Porites compressa virus metagenome (4440374.3). The next closest
group was all oceanic metagenomes from the HOT/ALOHA station, sampled from 104000m depth, and from the Gulf of Mexico surface waters. This clustering hints at
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similarities in function of the L. pertusa microbial community and open ocean water. The
description of the HOT/ALOHA metagenome project in the NCBI database notes that
proteins involved with surface attachment were more prevalent at deeper depths,
implying a greater proclivity for surface colonization. Marine snow, organic particles that
fall through the water column, is a common surface that deep-sea microbes colonize for
habitat and food. This particulate organic matter is a food source for L. pertusa, possibly
indicating a transfer of oceanic microbes to the coral microbial community.
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L. pertusa Metagenomes
Coral Microbe Metagenomes
Coral Virus Metagenomes
Oceanic/Deep-sea Metagenomes

Figure 2. A Principal Component Analysis of genes annotated with functional information in

Figure B.2. A Principal Component Analysis of genes annotated with functional
information in metagenomes from L. pertusa microbes, Porites spp. microbes, Porites
spp. viruses and oceanic/deep-sea samples. Colors denote type of metagenome, and
numbers denote libraries uploaded in MG-RAST (metagenomics.anl.gov)
B.4 Principal Component Analysis of Metagenomes
A phylogenetic breakdown of the libraries, using the two L. pertusa metagenomes
and the closest two metagenomes from the phylogenetic PCA (Figure B.1), was done to
compare the abundance of the different domains (Figure B.3). While there is variability
between the four libraries, the larger proportion of viruses distinguishes the L. pertusa
libraries from the others. These data represent the first description of viral diversity
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associated with a deep-sea coral. Notably, the percentages of archaea in all libraries are
extremely low (Figure B.3). Archaea have been amplified using PCR from shallow-water
corals (Kellogg, 2004; Wegley et al., 2004), deep seawater and sediments (Francis et al.,
2005; Lipp et al., 2008; Dekas et al., 2009), and L. pertusa habitat (Yakimov et al., 2006;
Hansson et al., 2009), but never from living L. pertusa tissue (Yakimov et al., 2006;
Neulinger et al., 2008; Hansson et al., 2009; Kellogg et al., 2009). Why the archaeal
portion of L. pertusa is so difficult to amplify is unknown, especially as the percent total
is comparable to shallow-water corals (<1.15%), but this metagenome is the first report
of archaeal diversity in L. pertusa.
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Examination of the DNA sequences classified as eukaryotes revealed that a small
portion of the genes were fungal in origin (>5% of total eukaryotic sequences in both
libraries). There was overlap between fungal species that have previously been cultured
from L. pertusa (discussed in Chapter 4) and fungal rRNA sequences recovered in both
metagenome libraries; however, the diversity of fungal rRNA genes in the metagenome
was significantly more diverse, with many species of Ascomycetes and Basidiomycetes,
and a few sequences in the fungal subphyla Glomeromycota and Microsporidia.
The bacterial domain was broken down further into phyla (Figure B.4). Although
many phyla were present, only those that represented more than 1% for any of the
libraries were chosen for further analysis. It is immediately apparent that the L. pertusa
libraries have a much larger proportion of Firmicutes (primarily Bacillus spp.) and a
much smaller proportion of Bacteroidetes and Betaproteobacteria than the shallow-water
coral metagenomes.
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Figure 4. Comparison of bacteria phyla in metagenome and 16S clones libraries. Lanes 1 and 2 are the two L. pertusa metagenomes,
Lanes 3 and 4 are the comparison metagenomes (Vega Thurber et al., 2008), and Lanes 5 through 11 are 16S clone libraries from two different
Gulf of Mexico sites (Lanes 5-8 from VK 826 and Lanes 9-11 from VK 906/862; Kellogg et al., 2009). Each bar is measured as a percent of total,
Figure B.4. Comparison of bacteria phyla in metagenome and L. pertusa 16S clone
not number of sequences. Proteobacteria have been broken down into sub-phyla for further analysis. The two comparison libraries are the closest
libraries.
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pertusa 16S clone libraries from two different Gulf of Mexico sites (Lanes 5-8 from VK
826 and Lanes 9-11 from VK 906/862; Kellogg et al., 2009). Each bar is measured as a
percent of total, not number of sequences. Proteobacteria have been broken down into
sub-phyla for further analysis. The two comparison libraries are the closest grouping in
the Phylogenetic PCA (Figure 1). Lane 2 and Lanes 9 - 11 are samples collected from the
same Gulf of Mexico site, displaying major differences in represented bacterial phyla.
B.5 Comparison of Metagenomes with Clone Libraries
Previous culture-independent analysis of the 16S rRNA genes present in L.
pertusa using clone libraries (n=7, average of 73 clones per library) revealed a mix of
four main phyla or subphyla (Figure B.4) (Kellogg et al., 2009). Comparing the
metagenomic and clone libraries based on 16S PCR shows a large disconnect between
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recovered diversity. The most notable difference is the high proportion of Tenericutes
recovered in the clone libraries from corals at site VK826; less than 1% of the bacterial
genes in the metagenome library were from Tenericutes. Site VK906/862 is represented
in the clone libraries and by one of the metagenome samples (3728K1). In both,
Gammaproteobacteria are heavily represented. However, the clone libraries for both sites
don’t pick up Firmicutes, Betaproteobacteria, or many lower-represented phyla that
contribute to the metagenome libraries. This can be attributed to differing extraction
techniques or potential primer bias, skewing the 16S clone library results.
B.6 Conclusions
The data presented here are a first glimpse into the complexity and potential
functionality of the microbial fraction of the L. pertusa metagenome. Further
investigations, made more statistically rigorous with replicate samples, are needed to
draw distinctions among L. pertusa from different ocean basins or exposed to different
water masses and benthic-pelagic coupling regimes. Comparisons between the two L.
pertusa metagenome libraries are meant solely to show their similarity or to pull out an
individual site for comparison to previous data from that site (e.g., comparing clone and
metagenome libraries from site VK 906/862). There is no attempt to draw conclusions
about differences between L. pertusa populations in the Gulf of Mexico and western
Atlantic Ocean based on single samples. Collaborations are on-going in an attempt to add
more L. pertusa metagenome libraries to those discussed in this chapter, further
strengthening comparisons between sampling sites, oceans basins, and other ecosystems.
This work represents the first use of 454 pyrosequencing on the microbes
associated with a deep-sea coral. Future analysis and data-mining of the resulting
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metagenomic libraries and the hundreds of thousands of genes they contain will increase
our knowledge of the functional capacity and phylogenetic diversity of the microbes
associated with L. pertusa. It has been demonstrated that L. pertusa has a microbial
community distinct from shallow-water corals, though with similar diversity and
function. Analysis of the L. pertusa metagenome libraries can focus future culture-based
studies: after learning that Firmicutes make up a large proportion of the bacteria
associated with L. pertusa, culture media can be chosen to target that phylum.
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